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ABSTRACT 
Soil erosion and nutrient loss as a result of lack of ground cover in conventional corn 
(Zea mays L.) and soybean [Glycine max (L.) Merr.] cropping systems in the U.S. Midwest 
warrant use of cover crops to provide improved protection to the soil. There are needs for 
alternate cropping systems and management practices capable of protecting our resources 
without sacrificing existing and future crop yield goals. Field pennycress (Thlaspi arvense L.) 
and winter camelina [Camelina sativa (L.) Crantz] are short season annual oilseed crops having 
potential to be integrated into corn and soybean systems as cash cover crops. Alfalfa (Medicago 
sativa L.) also has potential to be intercropped with corn to accelerate its establishment period 
compared to conventional spring seeding while acting as a cover crop in fall following corn 
harvest. We interseeded pennycress, camelina and winter cereal rye (Secale cereale L.) in corn 
and soybean at late reproductive stages. Soybean was relay planted the next year with an 
objective to (i) determine the effect of cover crops on row crop grain yield, (ii) assess the 
survival, biomass and seed yield of cover crops, and (iii) determine the effect of cover crops on 
soil moisture and weed density. In another study corn was intercropped with alfalfa with and 
without the application of prohexadione with an objective to (i) determine the effect of 
intercropped alfalfa on corn grain yield, (ii) estimate the survival and biomass production of 
intercropped alfalfa, and (iii) determine the overall productivity of the intercropping system. 
Corn and soybean yields were not affected by interseeding cover crops from mid-Aug. to late 
Sept. but soybean yield when relay planted into oilseed crops was reduced by 12 to 32%. Overall 
seed yield of pennycress and winter camelina was 218-880 kg ha-1 and 15-770 kg ha-1, 
respectively. Corn yield was reduced by 23-26% when intercropped with alfalfa in a dry year 
whereas intercropped alfalfa stand density was reduced by 36-68% in the establishment year. 
xi 
Despite reduction in corn yield, the overall productivity of a corn and alfalfa intercropping 
system was greater than the conventional system where alfalfa is spring seeded following corn 
harvest.
1 
 
CHAPTER 1.    GENERAL INTRODUCTION 
Iowa and other upper U.S. Midwest states are known for their capacity to produce high 
corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] yields (Wright and Lenssen, 2013). 
The predominant cropping systems in Iowa are corn/soybean and continuous corn with corn and 
soybean being planted on 5.2 and 4.0 million ha of the 10.6 million ha of total cropland area 
(USDA NASS, 2019). The choice of crop to be included in the cropping system usually depends 
on the climate, soil, infrastructure availability, productivity of the crop, market availability, and 
revenue generated, crop insurance policies, and government subsidies (Greig, 2009). Iowa soils 
are mostly  mollisols, which are very fertile and rich in organic matter and clay (Burras et al., 
2020), but due to its extremely cold winters, Iowa has an annual cropping system which is 
mostly dominated by corn or corn in rotation with soybean (Padgitt et al., 2000). Corn 
production in monoculture or in rotation with soybean is not necessarily the most 
environmentally friendly cropping system (Davis et al., 2012) and such monocropping systems 
driven by crop prices have affected Iowa’s soil physical, chemical, and biological properties 
(Russell et al., 2006), resulting in loss of biodiversity both above and below the soil surface, an 
increase in soil nutrient loss, and increases in crop vulnerability to various pests, diseases, and 
weeds (Bartlett et al., 2002; Gassmann et al., 2011; WSSA, 2012). The intensive use of 
monocropping in Iowa has increased the use of synthetic fertilizers to nourish plants and keep up 
with the yield goals Excessive use of fertilizers and lack of appropriate agronomic management 
practices has led to loss of nutrients from the field and export to water bodies like lakes, rivers, 
and stream leading to creation of a large, annual hypoxic zone in the Gulf of Mexico (USEPA, 
2008; IDALS, 2013; Hendricks et al., 2014). Excess use of other synthetic fertilizers has led to 
problems like soil acidification (Brown and Shrestha, 2000). More than 80% of corn acres 
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planted in Iowa are tilled prior to planting (Wright and Lenssen, 2013). Extensive use of tillage 
and heavy machinery has led to soil compaction and affected soil properties, plant growth and 
root development (Unger and Kaspar, 1994; Hamza and Anderson, 2005). Removal of corn 
stalk/residue for silage, feed, or bedding and fall tillage has resulted in lack of sufficient ground 
cover causing a disruption in soil nutrient cycling and loss of organic matter (Mann et al., 2002). 
Removal of crop residue also exposes the soil to increased raindrop impact and reduces water 
infiltration due to soil erosion. All these factors are responsible for soil erosion occurring at an 
average rate of 25 Mg/ha/year and is the largest long-term challenge for Iowa (Al-Kaisi, 2002). 
Improvement of environmental sustainability of agricultural systems in Iowa and other 
upper Midwest states requires efforts to properly manage and enhance the quality of soil, water, 
air, and biodiversity. The problems of unsustainable agricultural systems extend beyond what 
can be observed or estimated on an individual farm site. If we are to create a prosperous 
sustainable and resilient agriculture system which is economically vibrant with healthy soil and 
water, then we need to adopt conservation practices that are economically compelling and easier 
for farmers and landowners to implement. Current and future challenges require us as a 
community to think more broadly about the outcomes of agroecosystems and depart from 
common yield maximizing strategies to increasingly enhance the multiple functions provided by 
agroecosystems. Diverse cropping systems and adoption of alternative soil and crop management 
practices such as conservation agriculture that encourage minimum soil disturbance, permanent 
soil cover and crop rotation, can help alleviate declining soil quality by reducing erosion, 
compaction, nutrient leaching etc. (Hatfield et al., 2009; Kaspar and Singer, 2011). Farmers 
should be encouraged to embrace practices such intercropping and leaving more residue on site 
to aid soil carbon sequestration and thus enhance soil physical and biological properties. 
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Diversification of cropping systems is an important strategy which can provide many 
advantages, including improved soil fertility and health, improved efficient nutrient use 
(Chowdhury and Rosario, 1994), improved control of pests and weeds (Liebman and Dyck, 
1993), and improved crop productivity (Gesch et al., 2014). Highly diversified rotations typically 
avoid proliferation of pests and diseases (Lin, 2011) and could contribute to higher crop 
production. Moreover, they provide farmers a variety of economic options and avoid the 
dependence on a single or two crop system. Water use and quality are important topics in Iowa. 
With respect to water use, alflafa (Medicago sativa L.) has a deep and extensive root system, 
which would make the crop able to collect water and nutrients left in the soil by theprevious 
crop, such as corn and soybean. Integrating cover crops into the existing crop rotation to break 
pest and disease cycles can greatly reduce the loads of chemical inputs used for pest management 
and the amounts that end up in water resources (Sarrantonio and Gallandt, 2003). 
There is need for collective farmer effort as the driver of sustainable farming systems for 
improved soil, water, and air quality. Use of cover crops and alternative farming practices such 
as intercropping, double cropping, relay cropping, and cash cover crops can help to address some 
of the challenges that farmers are facing in the Midwest. Some crops are better to grow in 
rotations in order to have better productivity, better resistance to environmental conditions and 
pests, and to improve local soil characteristics in the long term. However, sustainable agricultural 
practices often come at a cost. There is a cost associated with acquiring the necessary machinery 
and other inputs are needed to make changes for sustainability. Farming is truly a business run 
for profit and farmers often cannot afford additional costs. Therefore, there is a need is to adopt 
sustainable practices that have potential to generate additional income to farmers. Practices such 
as integrating cash cover crops such as field pennycress (Thlaspi arvense L.) and winter 
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camelina [Camelina sativa (L.) Crantz] and alternate cropping systems like intercropping and 
relay cropping can address some of these issues and help generate additional income and at the 
same time protect the environment by making the system more sustainable.  
This dissertation includes three separate studies with a purpose to understand the 
integration of field pennycress, winter camelina, cereal rye, and alfalfa into a corn and soybean 
cropping system by intercropping and relay cropping. The first two projects studied 
establishment, green cover, and biomass production of oilseed cover crops pennycress and winter 
camelina and cereal rye in standing corn and soybean and their subsequent effect on weed 
community and relayed soybean yield. The third study evaluated intercropping alfalfa along with 
corn and assessed the stand establishment of alfalfa under a corn canopy as well as its effect on 
corn grain and aboveground biomass yield. The first two projects were three-year studies 
conducted in a corn-soybean-corn and soybean-soybean-corn cropping sequence. The second 
project was also a three-year study with corn intercropped with alfalfa in the first year followed 
by two years of full alfalfa production. 
Outcomes and results of these studies will help to better understand the optimum time of 
seeding pennycress and camelina in standing corn and soybean as well as the impact of these 
oilseed cover crops on row crop yield. Research conducted as part of this dissertation will also 
help understand the opportunity and challenges faced when intercropping alfalfa with.  
The monocropping system prevalent in Iowa and U.S. Midwest is not sustainable in the 
long term and the results and findings of these studies will provide farmers options for improving 
overall productivity and sustainability by adopting innovative farming practices such as 
intercropping and relay cropping pennycress, camelina and alfalfa with corn and soybean. 
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Dissertation Organization 
This dissertation consists of five chapters. The first chapter is a general introduction 
providing a providing an overall description of the research conducted as part of this dissertation. 
Chapters 2, 3, and 4 are manuscripts describing the efforts and outcomes of the individual 
studies, with the intention of being published in scientific journals such as Agronomy Journal 
and Industrial Crops and Products. The titles of the manuscripts are “Integrating and Managing 
Oilseed Cash Cover Crops in a Corn and Soybean Rotation System”; “Pennycress and Winter 
Camelina Oilseed Yield and Influence on Row Crops in the Upper Midwest USA” and 
“Management, Productivity and Weed Community Dynamics in Corn-alfalfa Intercropping in 
Iowa”. Chapter 5 present general conclusions and provides an overall summary of the individual 
research studies included in this dissertation. 
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Abstract 
 Winter camelina [Camelina sativa (L.) Crantz] and field pennycress (Thlaspi arvense L.) 
are short season annuals which can be harvested for oilseed and can be an alternative choice of 
cover crop to be integrated into corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] 
rotations in the northern Corn Belt, USA. However, successful establishment of these cover 
crops in standing corn and soybean is contingent upon the right timing of their interseeding. 
Therefore, a field study was started in Ames, IA in 2016 to evaluate cereal rye (Secale cereale 
L.), field pennycress (PC) and winter camelina (WC) fall and spring stand density, biomass 
yield, green cover and their effect on corn and soybean yield when broadcast interseeded at R4, 
R5 and R6 reproductive stages in corn and R6, R7 and R8 stages in soybean. Interseeding cover 
crops did not reduce corn or soybean yield. Overall, cover crop fall and spring stand densities 
and biomass yield were affected by interseeding date. Late interseeding improved the survival 
and biomass production of oilseed cover crops. Oilseed cover crop biomass in fall was less than 
50 kg ha-1. Rye produced the greatest biomass (2314 kg ha-1) averaged across all seeding dates 
when interseeded in corn. Overall cover crops provided less than 10% green cover in fall 
whereas in spring rye and pennycress provided up to 41 and 22% green cover, respectively. Both 
rye and pennycress successfully lowered weed density in spring. Interseeding of pennycress and 
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camelina in corn and soybean did not provide as much cover as rye and should not be planted 
under dry soil conditions.  
Key words: camelina, pennycress, corn, soybean, interseeding, cover crop 
Abbreviations: LAI, leaf area index                                                                                                                                                                           
Introduction 
Corn and soybean are major crops in the northern Corn Belt, USA. Corn and soybean are 
grown on 50.30% and 38.1%, respectively, of the planted crop area in Iowa (USDA NASS, 
2019). Corn and soybean together contribute over $14 billion USD in value to the economy of 
the state of Iowa (USDA-NASS, 2019). While both these crops are highly productive, there are 
unintended environmental consequences from their production as monocultures. The most 
serious environmental problem is lack of soil cover over the winter due to residue removal, 
nominal postharvest residue, the use of fall tillage, and the absence of growing plants (Vetsch 
and Randall, 2004; Sindelar et al., 2017). Limited or no soil cover can increase the risk of soil 
erosion and nitrate leaching, decrease soil microbial activity, and decrease soil carbon (Karlen 
and Doran, 1991; Reddy et al., 2003; Speddinga et al., 2004). Integrating cover crops into corn-
soybean systems has potential to offset those unintended negative consequences. Cover crop 
adoption can offer several benefits such as improving agricultural sustainability through 
temporal intensification (Gesch and Johnson, 2012), providing soil cover, preventing loss of 
nutrients, alleviating surface soil loss and decreasing weed pressure  (Dabney et al., 2001; 
Kasper et al., 2001; Sainju et al., 2002; Dhima et al., 2006).  
Regardless of proven benefits from cover crops, the total cover crop area in Iowa are still 
far below the 12.5 million-acre target recommended by IDALS (2013). Although the adoption of 
cover crops is low, many producers (71 to 80%) believe the addition of cover crops improves 
soil (Singer et al., 2007; Singer, 2008). Producers have expressed concern regarding lack of time 
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following corn and soybean harvest as a reason for low adoption of cover crops. However, the 
use of winter annual species broadcast seeded into standing corn and soybean before harvest may 
represent an opportunity to successfully establish cover crops before freezing conditions occur. 
Winter cereal rye (Secale cereale L.) is the winter annual cover crop most commonly 
used in Iowa, representing 87% of the total cover crops planted. Typically, winter rye is grown 
either for winter soil cover and then terminated in the spring or harvested as forage in the spring 
and used as livestock feed. Unless used as livestock feed, there is no economic benefit from 
growing a cereal rye cover crop.  
The use of dual-purpose (used as cover crop and can also be harvested for oilseed) winter 
annual oilseed cover crops such as winter camelina [Camelina sativa (L.) Crantz.] and 
pennycress (Thlaspi arvense L.) is a potential alternative to cereal rye. Winter camelina and field 
pennycress are both winter hardy and can provide ecological benefits such as protection from 
soil erosion, N and P scavenging (Ott et al., 2015), and provisions for pollinators (Eberle et al., 
2015). Moreover, these winter annual oilseeds can be harvested for seed while allowing options 
for double- and relay-cropping with soybean (Gesch and Archer, 2013; Gesch et al., 2014). 
Relay-cropping soybean into growing camelina was shown to be an economically viable system 
when the camelina is direct seeded in the fall following wheat (Gesch et al., 2014). The oil 
extracted from winter camelina and pennycress has economic value as a biofuel (Keske et al., 
2013). In addition, camelina oil can also be used for human and animal consumption (Berti et al., 
2016) and its meal is approved by FDA as feed for poultry and ruminant livestock (Fan and 
Eskin, 2013). Incorporating these winter annual oilseeds into corn-soybean rotations offers 
producers a chance to intensify production while balancing the needs of producing food, feed, 
and fuel without displacing the important cash crops of the region.  
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Identifying the optimum broadcast seeding time for winter annual cover crops into corn 
and soybean is a key to enabling successful adoption of these crops and to improve the 
ecosystem services provided by corn and soybean rotations. Therefore, a multi-year experiment 
consisting of several broadcast seeding timings was established. The objectives of this study 
were to: 1) evaluate establishment and survival of broadcast interseeded winter annual cover 
crops at later growth stages of corn and soybean, and 2) determine the effects of interseeding 
cover crops on the weed community and density, and 3) determine the impact of broadcast 
interseeded winter annual cover crops on corn and soybean yield and quality. 
Materials and Methods 
Site Description 
A 3-yr field study was started in 2016 near Boone, Iowa (42°0'40.92"N 93°44'38.06"W) 
in two different crop sequences (corn-soybean-corn and soybean-soybean-corn). The entire study 
was replicated in 2017 at a nearby but separate site. The soil were Clarion loam (fine-loamy, 
mixed, superactive, mesic Typic Hapludoll) and Webster clay loam (fine-loamy, mixed, 
superactive, mesic Typic Endoaquoll). The soils were moderately well drained to poorly drained. 
Weather data for monthly mean temperature and total precipitation for the study sites and years 
were collected from weather stations located near the study site and reported by the Iowa 
Environmental Mesonet Network (Herzmann, 2020). Soil test P and K levels were maintained 
according to the Iowa State recommendation for corn and soybean on the basis of soil testing 
(Mallarino et al., 2013) (Table 1). 
Experimental Design and Treatments 
The experimental design was a split plot with four replications. The main plot (9.1 m x 
7.6 m) was three dates of cover crop seeding corresponding to R4, R5 and R6; and R6, R7 and 
R8 developmental stages in corn (Abendroth et al., 2011) and soybean (Wright and Lenssen, 
12 
2013), respectively. The subplots (3.0 m x 7.6 m) were planted with three different cover crops 
(pennycress, winter camelina and cereal rye) seeded into either standing corn or soybean in the 
first year of the sequence. Each replication had an additional control plot with no cover crop. 
Each year adapted corn hybrid (DeKalb DKC57-75RIB) and soybean variety (Asgrow 2663) 
were seeded in rows spaced 76-cm apart and managed using practices common to the region 
where the experiment was conducted. Pre-plant fertilizer was applied along with pre- and post-
emergent herbicides. Weeds were controlled according to need within each site (Table 1). 
Planting dates of corn, soybean, and cover crops as well as management practices are shown in 
Table 1. 
Planting and Agronomic Management 
Corn/soybean planting and harvest 
In the first year corn-soybean-corn sequence, a regionally adapted corn hybrid (DeKalb 
DKC57-75RIB) was planted (8 PLS m-2) using a four-row planter. At the time of corn planting 
168 kg N ha-1 was broadcasted as urea. In the first year of soybean-soybean-corn sequence, a 
typical variety (Asgrow 2663) of soybean was planted at 45 PLS m-2. According to soil tests 
these sites were low in available P and K. Therefore, a fertilizer blend consisting 123 kg P ha-1 
and 112 kg K ha-1 in the forms of diammonium phosphate and muriate of potash, respectively, 
was also applied at the time of corn and soybean planting to adjust soil available P and K levels. 
Grain yield for both corn and soybean were determined by harvesting the two center rows using 
a plot combine. Corn and soybean yields were adjusted and reported at 155 and 130 g kg-1 
moisture, respectively. 
Cover crop seeding and data collection 
Cover crops were interseeded in each block in a split-plot arrangement at the three 
reproductive growth stages of corn and soybean (Table 1). Pennycress (line MN106), winter 
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camelina (cv. Joelle) and cereal rye (cv. Rymin) were hand-broadcast in between the standing 
corn and soybean rows at 1064, 1368 and 222 PLS m-2. Seeds were then lightly raked to mix 
with soil and increase seed-soil contact for better germination. No cover crop was seeded in the 
control plots. At each cover crop seeding, corn and soybean leaf area index (LAI) was measured 
using a Decagon AccuPAR leaf area meter (Decagon Devices Inc., Pullman, WA). Four LAI 
measurements on a sunny day with clear sky were taken diagonally across the center two rows 
and averaged to calculate the LAI per plot. In the spring of the second year of both crop 
sequences, a fertilizer blend (78:34:34 kg ha-1, N:P:K) was broadcast applied only to the 
pennycress and winter camelina plots at bolting stage to increase the growth and seed yield of the 
oilseed crops. Later, the rye cover crop was killed using glyphosate [N-
(phosphonomethyl)glycine] at least 2-4 days before planting soybean.  
Several metrics were used to assess the establishment and survival of cover crops. Soon 
after germination following each seeding time in the corn and soybean, cover crops were counted 
from two marked 0.25 m2 in the center of each plot to determine the establishment density. Later 
in the fall, prior to freeze-up, cover crops were assessed for survival by counting the total number 
of cover crop plants from the same marked areas used earlier for determining cover crop 
establishment. A cover crop survival index was calculated as a ratio of cover crop plant density 
before freeze up (cover crop survival) and density soon after germination (cover crop 
establishment).  
Survival Index (SI) = survival density (plants m-2) / establishment density (plants m-2). 
[Eq.1] In the fall before freeze-up and in spring at the time of rye termination before planting 
soybean, cover crop (rye, pennycress, and camelina) aboveground biomass samples were 
collected by hand harvest from two 0.76 m2 areas between the center two rows of each plot. 
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Harvested aboveground biomass of cover crops was dried in a forced air oven at 60 °C until 
reaching a constant weight and then weighed to calculate the aboveground biomass weight per 
hectare. The cover crop establishment was also assessed using the percentage of green cover 
produced by the growing cover within each plot. To determine green cover in the fall (before 
freeze up) and spring (at rye termination), two photos were taken from within each plot in the 
center row with a camera set at 1 m above the soil surface. The photos were then assessed using 
the Canopeo application developed by Patrignani and Ochsner (2015) with the default settings. 
The average green cover was calculated for each plot by averaging the percent green cover from 
each of the two photos. 
Soil Sampling and Analysis 
Baseline soil samples from 0-15 and 15-60 cm for nutrient analyses were collected at the 
start of each study. Soil moisture samples from all the treatments were collected using a hand 
push probe (1.7 cm diameter, JMC Soil Samplers, Newton, IA, USA) at the time of rye cover 
crop termination in spring to see the effect of cover crop on soil moisture concentration. Samples 
were composited from three random spots within the center two rows of each plot. Soil samples 
for moisture analysis were weighed at field moist condition and then dried at 105 °C until a 
constant weight was reached and then weighed to calculate gravimetric soil moisture 
concentration on a dry weight basis. 
Weed Data Collection 
Weed count data from all the plots were collected in spring at the time of rye termination. 
Total number of weeds within 0.1-m2 were counted from five random locations in each plot 
within a circular quadrant. Weed density for each weed species and total weed density m-2 was 
calculated by multiplying by a factor of two.  
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Statistical Analysis 
Data from interseeding in corn-soybean-corn and soybean-soybean-corn sequences were 
analyzed separately. For each system, a combined analysis of variance was performed using 
PROC GLIMMIX in SAS version 9.4 (SAS Institute, 2014). Environment (year × location), and 
treatments were considered fixed while blocks nested within environment was considered 
random. Due to significant environment × treatment interaction, data were analyzed separately 
for each year within each cropping sequence considering treatments as fixed and block as 
random. Since the treatment structures of the experiments were incomplete factorials, contrast 
statements were used for comparing treatments and individual mean comparisons were made at α 
=0.05. Microsoft Excel was used to perform regression analysis between fall survival of cover 
crops and leaf area index (LAI) at interseeding.  
Results and Discussion 
Weather Conditions 
The 2016 growing season (May-Dec.) was warmer than the 30-year mean temperature. A 
deviation of greater than 2 °C was observed in June and Sept 2016, while the temperatures in Oct 
and Nov were 3 and 5 °C above the 30-year mean (Fig 2). While temperatures were above 
average during the 2016 growing season, total precipitation (May-Dec) was 7-cm above the 
long-term mean. Excess precipitation occurred in the months of Aug and Sept while June 
received 10-cm less rainfall compared to the long-term mean.  
 The 2017 growing season was also warmer with mean temperatures in the month of Sept 
being 2 °C above 30-year, respectively. While temperatures were warmer in 2017, the total 
seasonal precipitation was well below the long-term mean. Most of the months in 2017 were 
drier than normal, especially from June through Sept which received 25-cm rainfall below 
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average. The month of Oct received an excess of 9 cm precipitation while Nov and Dec 
precipitation was below average. 
The growing season temperatures in 2018 was similar to the long-term means with 
deviations less than 1 °C (Fig. 1). Overall, slightly cooler temperatures were recorded from Jan 
through Apr and in the month of Nov whereas May and Dec were 4 and 2 °C warmer than the 
long-term mean. Meanwhile, an excess precipitation of 36-cm compared to the 30-yr mean was 
recorded throughout the growing season in 2018. Excessive precipitation was received 
particularly in the months of June (15-cm), Aug (9-cm), Sept (9-cm) and Oct (6-cm) 
Corn and Soybean Seed Yield, Seed Quality, and Soil Moisture 
Overall, corn grain yield was greater in 2016 than in 2017 regardless of experimental 
treatments. There was no effect of interseeding the cover crops or seeding date on corn grain 
yield in either year where cover crops were interseeded into standing corn (Table 2). The average 
corn grain yield across all treatments was 13.7 and 12.2 Mg ha-1 in 2016 and 2017, respectively. 
Corn seed protein, oil and starch concentrations were not affected by intercropping, and averaged 
77.5, 41.2, and 738 g kg-1 in 2016 and 67.5, 34.1, and 703 g kg-1 in 2017, respectively. Lower 
grain yield and seed quality in 2017 were likely due to below average precipitation in the 
growing season of 2017 (Fig. 1) and thus lower soil moisture availability for the crop.  
Soybean seed yield and seed protein, oil and fiber concentrations followed a similar trend 
as for corn and were not affected by cover crop species or seeding date (Table 3). Similar 
findings were reported in a multilocation trial conducted by Patel et al. (2019) where a rye cover 
crop interseeded into standing soybean at leaf drop stage did affect soybean seed yield. The 
average soybean yield was 4.05 Mg ha-1 in 2016 and 3.5 Mg ha-1 in 2017. In 2016 soybean seed 
oil, protein, and fiber concentrations across all the treatments were 342, 185 and 48 g kg-1 
whereas, in 2017 these concentrations averaged to be 327, 175 and 42 g kg-1, respectively. These 
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results indicate that interseeding cover crops at late corn and soybean reproductive stages is 
possible without affecting the seed quality and yield of the corn and soybean.  
Overall, soil moisture in the top 60 cm was either similar or greater in spring (of the year 
following the fall cover crop interseeding) than in the fall (Tables 4 and 5). Interseeded cover 
crops growing with corn and soybean row crops may reduce the soil moisture in the fall as well 
in the following spring. However, results in our study show that fall and spring moisture in 0-30 
and 30-60 cm of topsoil surface was not affected by interseeding cover crops into standing corn 
or soybean.  
Cover Crop Establishment 
Stand density and survival 
When interseeded into corn, survival stand density of the cover crops in the fall was 
influenced by cover crop species and its interaction with different seeding dates (Table 6) 
Overall fall survival of cover crops was low in both the seeding years 2016 and 2017. Greatest 
fall stand survival of camelina in 2016 (498 plant m-2) and 2017 (226 plant m-2) was achieved 
when interseeded at the R6 growth stage of corn. Pennycress on the other hand had greater fall 
stand survival when interseeded at R5 (369 plants m-2) and R6 (277 plants m-2) in 2016 and 
2017, respectively. Unlike pennycress and camelina, fall stand density of rye was not affected by 
seeding date and averaged 158 and 125 plants m-2 in 2016 and 2017, respectively.  
Cover crop stand density in the spring was lower compared to fall for all the cover crop 
species indicating some plants were winter killed. For 2016 interseeding, cover crop species and 
seeding date had significant effects on spring stand density whereas in 2017, the interaction of 
cover crop species and planting date influenced the spring stand density for interseeded cover 
crops. Pennycress had the highest stand density (151 plants m-2) across all the seeding dates in 
2016 whereas highest stand density across all cover crop species was achieved when cover crops 
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were interseeded at the later seeding date (R6). For 2017 interseeding, higher spring stand 
density was achieved at later seeding dates for pennycress (R5 and R6) and rye whereas 
camelina stand density was not affected by seeding date.  
Similar to interseeding in corn, fall stand density of cover crop species interseeded in 
standing soybean varied with seeding date (Table 7). For the 2016 interseeding in soybean, 
pennycress seeded at R8 had the highest stand density (515 plants m-2) across all the treatments. 
Fall stand density of winter camelina in 2016 was maximized (205 plants m-2) when seeded at 
the latest seeding date (R8). Unlike pennycress and camelina, fall stand density of rye cover crop 
was not affected by the seeding date. In 2017, fall stand density was greater at later seeding dates 
for camelina (R8) and rye (R7 and R8). Conversely, there was no effect of seeding date on stand 
density of pennycress.  
Spring stand density of cover crops interseeded in soybean was affected by cover crop 
species and seeding date in 2016 whereas an interaction of cover crop species with seeding date 
was present for spring stand density in 2017 (Table 7). In 2016, earlier seeded (R6) cover crops 
had the lowest spring stand density. Across all seeding dates, pennycress had higher spring stand 
density compared to camelina. Spring stand density for 2017 interseeding was similar across all 
the cover crop species seeded at R8 whereas camelina and rye seeded at early seeding dates had 
the lowest stand density.  
Cover crops when interseeded in standing corn and soybean may or may not germinate 
depending upon topsoil moisture and weather conditions, especially having adequate 
precipitation. However, cover crop seedlings after germination may die due to unfavorable 
conditions such as lack of enough sunlight under the corn and soybean canopy. The final stand 
count of cover crops in the fall represents the final survival following establishment. Survival 
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index of pennycress (2.77) seeded at R4 in corn was highest in 2016 whereas in 2017 highest SI 
was for the pennycress (3.35) seeded at R5 (Table 6). An SI greater than 1 for pennycress can be 
explained by the inherent seed dormancy in pennycress (Saini et al., 1987; Karimmojeni et al., 
2014; Kevin et al., 2015) which may cause delayed germination in an unfavorable environmental 
condition. In soybean interseeding, SI was affected by seeding date in 2016 and cover crop 
species in 2017 (Table 7). In 2016, the SI of cover crops in soybean were lower if interseeded at 
R6 compared to R7 or R8 stages, indicating low survival probability of earlier seeded cover 
crops. Whereas in 2017, camelina across all the seeding dates had lowest chances of survival due 
to low SI compared to pennycress and rye.  
Lack of sufficient photosynthetically active radiation (PAR) under the corn and soybean 
canopy can influence germination, initial establishment and subsequent survival of interseeded 
cover crops (Crusciol et al., 2013; Wilson, 2013; Bich et al., 2014; Belfry and Van Eerd, 2016; 
Geiszler, 2018). There was a curvilinear relationship between the late fall survival density of 
camelina and the corn LAI at the time of interseeding in 2016 (R2 = 0.847) and 2017 (R2 = 
0.497) (Fig. 2). For camelina the R2 value implies that more than 80 and 49% of variation in fall 
survival of camelina can be explained by corn LAI at interseeding. This suggests that 
interseeding camelina in corn with a dense canopy reduced the survival of camelina plants in the 
fall. Rye was unaffected by LAI at the time of interseeding in corn. Conversely, in 2017, there 
was a weak relationship for LAI at seeding predicting late fall stand density for pennycress (R2 = 
0.336).  
In both seeding years, camelina fall stand density increased when interseeded in soybean 
with a less dense canopy whereas the fall survival was progressively decreased with increasing 
soybean LAI at the time of interseeding (Fig. 3). In 2016, pennycress fall survival density 
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followed the same trend as camelina. However, in 2017, pennycress fall stand density increased 
when seeded in soybean at higher LAI. In 2017, there was an extended period of dry weather 
(Fig. 1) after first (R6) and second (R7) seeding dates of cover crops which may have caused the 
pennycress seeds to germinate later when rainfall and moisture became sufficient (Royo-Ensal et 
al., 2015). Unlike pennycress and camelina, rye fall stand density decreased when interseeded 
either early (high LAI) or later (low LAI) in soybean. 
 These results suggest that seeding oilseed cover crops in corn and soybean under a dense 
canopy with low sunlight penetration may result in poor stands in late fall and the subsequent 
spring. Therefore, for achieving successful stands of pennycress and camelina cover crops 
interseeding in corn and soybean should be delayed to near crop harvest.  
Aboveground biomass 
Fall aboveground biomass of cover crops interseeded in corn was affected by the 
interaction of cover crop species and interseeding date in 2016 whereas in 2017, fall biomass was 
only affected by cover crop species. (Table 6). Rye interseeded at earlier seeding dates in 2016 
produced the highest amount of biomass (298 kg ha-1) in the fall whereas pennycress and 
camelina produced 74 and 22 kg ha-1 total biomass, respectively, across all the seeding dates. In 
2017, rye had the highest fall biomass (143 kg ha-1) compared to pennycress (27 kg ha-1) and 
camelina (20 kg ha-1). Fall biomass of cereal rye produced in our study was greater than the 
amount reported in a study conducted in Minnesota by Noland et al. (2018) where rye was 
interseeded in corn at V7 stage. However, similar pennycress and camelina fall biomass were 
reported in a study conducted by Noland et al., (2018) and Geiszler (2018) in North Dakota.  
Fall aboveground biomass of cover crops interseeded in soybean was affected by cover crop and 
seeding date in 2016, however, in 2017 the interaction of cover crop by seeding date influenced 
fall aboveground biomass (Table 7). Similar to interseeding in corn, rye in 2016 had highest 
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amount of fall biomass across all cover crop species when interseeded in soybean. Mean rye 
biomass across all seeding dates in fall 2016 was 246 kg ha-1 whereas pennycress and camelina 
accumulated 67 and 32 kg ha-1 biomass across all seeding dates. In 2016, the highest amount of 
fall biomass across all the cover crops was produced when interseeded at R7 stage in soybean. In 
2017, cereal rye interseeded at R7 produced the highest amount of biomass (164 kg ha-1) across 
all the treatments.  
In both seeding years, 2016 and 2017, total spring biomass accumulation when cover 
crops were interseeded in corn was significantly different among the cover crop species and not 
affected by seeding date or its interaction with cover crop (table 6). Cereal rye produced the 
greatest amount of spring biomass in 2016 (3310 kg ha-1) and 2017 (1318 kg ha-1) compared to 
pennycress and camelina across all the seeding dates. Across seeding dates, pennycress and 
camelina accumulated 784 and 215 kg biomass ha-1 in spring (at rye termination) when 
interseeded in 2016 and 139 and 104 kg ha-1, when interseeded in 2017, respectively. Spring 
biomass of camelina in our study was low compared to previous study conducted in Iowa where 
camelina was seeded after soybean harvest (Appelgate et al., 2017). Lower spring biomass 
production of cover crops interseeded in 2017 can be explained by low precipitation in summer 
and fall of that year (Fig. 1). 
When interseeded in soybean, spring biomass of cover crops was only affected by the 
cover crop species in 2016 whereas in 2017, interaction of cover crop and seeding date had 
significant effect on spring biomass accumulation (Table 7). Cereal rye interseeded in 2016 
produced the highest amount of spring biomass (1777 kg ha-1) across seeding dates as compared 
to pennycress and camelina. In a study conducted in Iowa where rye was interseeded in soybean 
at leaf drop stage, Patel et al. (2019) reported a lower rye biomass yield of 930 kg ha-1 when rye 
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was terminated in spring before planting row crop. Pennycress and camelina produced 851 and 
397 kg ha-1 spring biomass across all seeding dates when interseeded in 2016. Rye seeded at later 
seeding dates (R7 and R8) produced the highest amount of spring biomass (1404 kg ha-1) 
compared to all the treatments. While camelina spring biomass was maximized (444 kg ha-1) 
when interseeded at the later seeding date (R8), pennycress biomass did not differ with seeding 
date and averaged 348 kg ha-1. These results indicate that irrespective of cover crop stand density 
in fall, cereal rye accumulated greater biomass in spring than pennycress or camelina when 
interseeded in corn or soybean. 
Green cover 
One of the benefits of interseeding cover crops in standing corn and soybean is that it 
provides more time for cover crop establishment and growth in fall and thus provides more 
protective cover to the soil before freeze up (Noland et al., 2018). Fall green cover following 
corn harvest varied with cover crop species and their interaction with seedign date. Rye cover 
crop interseeded at R5 provided the highest amount of cover (32.5%) in fall 2016. Later 
interseeding of camelina provided more cover compared to earlier seeding whereas pennycress 
had no effect of seeding date on fall cover. Dry summer and fall conditions in 2017 reduced the 
fall cover when cover crops were interseeded in corn. Rye interseeded in corn in 2017 had the 
highest cover (8.1%) whereas cover provided by pennycress (3%) and camelina (0.8%) was very 
low. 
 Fall cover in soybean were affected by cover crop species and seeding date in 2016. 
However, in 2017 there was no effect of cover crop species or seeding date on fall cover. Lack of 
a treatment effect on fall cover in 2017 was due to low overall cover crop establishment in 
response to dry soil conditions (Fig. 1). Rye in 2016 provided 1.6 and 1.8 times more ground 
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cover compared to pennycress and camelina, respectively. Greater fall cover was also provided 
when cover crops were seeded at R7 stage in soybean.  
Winter hardy cover crops interseeded in standing corn and soybean should overwinter, 
resume active growth in spring, and protect the soil by providing green cover (Dabney et al., 
2001). Green cover in spring was significantly affected by main effect of cover crop species in 
2016 and 2017. For 2016 interseeding, rye provided two and four times more cover in spring 
compared to pennycress and camelina, respectively. Whereas across all seeding dates, 
pennycress provided more than twice spring cover as compared to camelina when interseeded in 
corn. Rye interseeded in 2017 provided 55% spring cover, significantly higher than the cover 
provide by pennycress (10%) and camelina (4%).  
In soybean, spring cover was significantly affected by cover crop species and seeding 
date in 2016 whereas interaction of cover crop and seeding date had significant effect on spring 
cover in 2017. In 2016, later seeded (R8) cover crops provided more spring cover compared to 
early seeding (R6) whereas across seeding dates rye provided greater spring cover (45%) 
compared to pennycress (27%) and camelina (15%). In 2017, rye interseeded in soybean at later 
seeding dates (R7 and R8) had the highest spring cover (51%) whereas cover of pennycress was 
maximum when seeded at later seeding date (R8).  
Overall lower green cover and biomass production in fall compared to spring when cover 
crops were interseeded in corn and soybean suggests that most of the benefits of integrating a 
cover crop are provided in spring rather than in fall. Rye can maintain active growth at very low 
temperatures which can extend the growing period for rye in fall. Greater green cover in fall and 
spring indicates a more vigorous growth pattern and ability of rye to produce more biomass in a 
short period of time.  Previous studies have shown that rye roots harbor corn seedling pathogens 
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and may elevate seedling diseases in corn following a rye cover crop (Bakker et al., 2016; 
Acharya et al., 2020). Thus, adoption of cereal rye as a preferred cover crop when preceding 
soybean should be promoted to farmers. 
Weed Community and Distribution 
When cover crops were interseeded in corn in 2016 and in 2017, the weed density at the 
time of rye termination in the following spring was significantly affected by the type of cover 
crop and seeding date (Table 8). Interseeded cereal rye and pennycress both significantly 
lowered the spring weed density following corn harvest. Mean weed density in rye, pennycress, 
and camelina treatments across all seeding dates were 8, 18 and 50 plants m-2. Spring weed 
density was successfully reduced by 91% and 80% by rye and pennycress compared to the no 
cover crop control treatment following corn harvest in 2016. Rye and pennycress interseeded in 
corn in 2017, reduced weed density in following spring by 58 and 39%. Overall spring weed 
density was low following corn harvest in 2017. The low weed density in 2018 spring was likely 
a result of below normal precipitation in summer and fall of 2017 (Fig. 1).  
Similar to corn, spring weed density following soybean harvest in 2016 was affected by 
type of cover crop species and seeding date (Table 8). However, in spring following 2017 
soybean harvest weed density was not affected by cover crop species, seeding date, or their 
interaction. Absence of a cover crop effect on spring weed density following 2017 soybean 
harvest may be explained by overall low weed recruitment and low cover crop stand and biomass 
in spring 2018 (Table 7).  
The spring weed community following 2016 corn harvest consisted of 94% broadleaf and 
6% grass species. Broadleaf weed species, included Canadian horseweed [Conyza canadensis 
(L.) Cronquist] 972%), West Indian nightshade (Solanum ptychanthum Dunal.) (14%), and 
dandelion (Taraxacum sp. L.) (12%). The remaining 2% of observed broadleaf weeds was 
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composed of four other species. Among grass weeds, giant foxtail (Setaria faberi Herrm.) and 
witchgrass (Panicum capilare L.) consisted of 58 and 40%, respectively.  
Spring weed community following the 2017 corn harvest included 92 and 8% of broadleaf and 
grass weed species, respectively. Major broadleaf weeds were tall waterhemp [Amaranthus 
tuberculatus (Moq.) Sauer] (27%), West Indian nightshade (23%), dandelion (13%), little 
hogweed (Portulaca oleracea L.) (13%), lambsquarters (Chenopodium album L.) (9%) and 15% 
from five other species.  
Following the 2016 soybean harvest, the spring weed community consisted of 84% 
broadleaf and 16% grass weed species. Most common broadleaf species were Canadian 
horseweed (73%), dandelion (9%), tall waterhemp (7%), creeping woodsorrel (Oxalis 
corniculata L.) (5%), and 6% from three other species. Some major grass weed species were 
witchgrass (68%), giant foxtail (24%), barnyardgrass [Echinochloa crus-galli (L.) P. Beauv.] 
(4%), yellow foxtail [Setaria pumila (Poir.) Roem. & Schult.] (1%), and crabgrass (Digitaria sp. 
L.) (3%).  
Spring weed community following 2017 soybean harvest included Canadian horseweed 
(58%), dandelion (11%), white clover (Trifolium repens L.) (11%), tall waterhemp (7%), 
witchgrass (4%) and 9% four other species. The total weed community was represented by 96% 
broadleaf and 4% grassweed species.  
In our study, improved stand density and higher biomass accumulation of cover crops 
when interseeded later in corn and soybean resulted in better suppression of weeds in the spring. 
Rye was most effective in reducing weeds in spring following corn and soybean harvest. Our 
findings agree with previous research where growing rye plants or decomposing biomass 
effectively controlled weeds (Putnam et al., 1983; Schulz et al., 2013). Allelochemicals (allyl 
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isothiocyanate and allyl thiocyanate) present in pennycress seeds and other brassicaceous species 
have been shown to effectively control weeds when applied to soil (Haramoto and Gallandt, 
2004; Vaughn et al., 2005; Isbell 2009). Overall maximizing spring biomass production of cover 
crops would effectively suppress at least some weeds in corn-soybean systems.  
Conclusions 
Interseeding cover crops at later reproductive stages of standing corn and soybean did not 
affect the row crop yield. In general oilseed cover crops had better survival and biomass 
production when interseeded in soybean than in corn. Earlier interseeding of oilseed cover crops 
(pennycress and camelina) in corn (R4 and R5) and in soybean (R6 and R7) had low survival in 
the fall. Low oilseed cover crop fall survival was likely an effect of reduced PAR under the corn 
and soybean canopy at the time of interseeding. Biomass and green cover of cover crops in fall 
was low in both corn and soybean with rye producing the greatest amount of biomass. 
Pennycress and camelina spring biomass were maximized when interseeded at later (closer to 
harvest) in corn and soybean. In general, camelina and pennycress produced more spring 
biomass when interseeded in soybean whereas rye accumulated greater spring biomass when 
interseeded in corn. Although available soil moisture at time of interseeding was not measured, 
interseeding in a dry year led to an overall decreased fall and spring cover crop biomass and 
green cover, indicating an effect of low moisture availability at the time of and following 
interseeding which prevented rapid establishment. There was lack of a cover crop effect on soil 
moisture in the top 60 cm in fall and spring possibly due to overall low establishment, 
transpiration, and biomass production of the cover crop. Rye, along with pennycress, 
successfully reduced weed density in spring by 50-90% and 40-80%, respectively. We suggest 
avoiding interseeding of pennycress and camelina into dense corn and soybean canopies to 
increase the chances of survival and subsequent growth in fall and spring. This research was 
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conducted for two years and has raised questions that require further investigation, including 
changes in management such as post-harvest broadcast and drilling, and breeding for drought 
and shade tolerant lines of pennycress and camelina. Findings of our study indicate that 
pennycress has potential for use as an interseeded cover crop, however, with currently available 
cultivars of pennycress and camelina, interseeding in corn and soybean should not be 
recommended in Iowa.  
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Figures and Tables 
 
 
 
Fig. 1. Monthly mean air temperature (a) and total precipitation (b) for the study years, and the 
30-yr mean (1987–2016) (data from Herzmann, 2020). 
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Fig. 2. Cover crop fall stand survival response to corn leaf area index (LAI) at the time cover 
crop seeding in (a) 2016 and (b) 2017. 
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Fig. 3. Cover crop fall stand survival response to soybean leaf area index (LAI) at the time cover 
crop seeding in (a) 2016 and (b) 2017. 
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Table 1. Field operations, corn and soybean variety used, seeding and harvest dates, and cover 
crop seeding dates in corn-soybean-corn (C-S-C) and soybean-soybean-corn (S-S-C) sequence in 
Ames, IA, in 2016 and 2017. 
Tillage Autumn disk, spring field cultivation 
Fertilizer Corn: 168-123-112 kg ha-1 N-P-K  
Soybean: 48-123-112 N-P2O5-K kg ha-1  
Herbicides 3.5 L ha-1 pendimethalin, 2.2 kg  
active ingredient ha-1 of glyphosate 
[N-(phosphonomethyl)glycine] 
C-S-C 
Corn hybrid DeKalb DKC57-75RIB 
Seeding rate (PLS m-2) 
Seeding date 
8 
17 May 2016; 15 May 2017 
Harvesting date 13 Oct. 2016; 31 Oct. 2017 
S-S-C 
Soybean variety Asgrow 2663 
Seeding rate (PLS m-2) † 
Seeding date 
45 
17 May 2016; 15 May 2017 
Harvesting date 05 Oct. 2016; 18 Oct. 2017 
Cover crop inter-seeding date into standing corn 
R4‡ 09 Aug. 2016; 11 Aug. 2017  
R5 01 Sep. 2016; 08 Sep. 2017 
R6 29 Sep. 2016; 25 Sep. 2017 
Cover crop interseeding date into standing soybean 
R6 18 Aug. 2016; 24 Aug. 2017 
R7 12 Sep. 2016; 15 Sep. 2017 
R8 30 Sep. 2016; 25 Sep. 2017 
†PLS = pure live seeds. 
‡R4, R5 and R6 are interseeding dates for cover crops into standing 
corn; similarly, R6, R7 and R8 are interseeding dates for cover 
crops into standing soybean. 
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Table 2. Treatment means and significance for corn grain yield, protein, oil, and starch at harvest 
in first year of corn-soybean-corn sequence in 2016 and 2017 at Ames, IA.   
 Yield Protein Oil Starch 
Treatment† Mg ha-1 ----------------------g kg-1 ---------------------- 
2016 
Control 14.0 77 41 738 
PC1 13.2 78 41 736 
PC2 12.9 79 42 736 
PC3 12.8 78 40 739 
Rye1 13.8 79 41 738 
Rye2 13.6 78 41 738 
Rye3 14.0 77 41 739 
WC1 13.5 76 40 739 
WC2 14.6 79 42 736 
WC3 14.2 74 42 740 
SE 0.52‡ 1.65 0.96 2.39 
P > F 
Control vs. PC NS‡ NS NS NS 
Control vs. Rye NS NS NS NS 
Control vs. WC NS NS NS NS 
Control vs. SD1 NS NS NS NS 
Control vs. SD2 NS NS NS NS 
Control vs. SD3 NS NS NS NS 
Cover × SD NS NS NS NS 
2017 
Control 12.0 67 33 703 
PC1 13.1 67 35 703 
PC2 12.1 66 34 705 
PC3 12.5 67 35 702 
Rye1 11.9 67 33 704 
Rye2 11.7 69 35 701 
Rye3 11.3 67 34 704 
WC1 13.2 70 35 700 
WC2 11.7 68 34 703 
WC3 12.1 68 33 703 
SE 0.66 1.70 1.03 2.42 
P > F 
Control vs. PC NS NS NS NS 
Control vs. Rye NS NS NS NS 
Control vs. WC NS NS NS NS 
Control vs. SD1 NS NS NS NS 
Control vs. SD2 NS NS NS NS 
Control vs. SD3 NS NS NS NS 
Cover × SD NS NS NS NS 
*, **, ***: Significant at P < 0.05, 0.01, and 0.001, respectively  
†Control treatment with no cover crop. PC1-PC3 are pennycress cover crop seeded at R4, R5 
and R6 (corn) and R6, R7 and R8 (soybean), Rye1-Rye3 are rye cover crop seeded at R4, R5 
and R6 (corn) and R6, R7 and R8 (soybean), and WC1-WC3 are camelina cover crop seeded 
at R4, R5 and R6 (corn) and R6, R7 and R8 (soybean). 
‡Indicates weighted SE for all variables. 
Corn and soybean yields are expressed at 155 and 130 g kg–1 moisture, respectively.  
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Table 3. Treatment means and significance for soybean seed yield, protein, oil, and fiber at 
harvest in first year of soybean-soybean-corn sequence in 2016 and 2017 at Ames, IA. 
 Yield Protein Oil Fiber 
Treatment† Mg ha-1 ----------------------g kg-1 ---------------------- 
2016 
Control 4.1 341 187 49 
PC1 4.0 342 186 48 
PC2 4.0 342 185 49 
PC3 4.3 343 185 48 
Rye1 4.1 341 185 49 
Rye2 3.8 341 185 49 
Rye3 4.0 339 187 48 
WC1 4.2 343 185 48 
WC2 3.9 346 184 48 
WC3 4.1 346 184 48 
SE 0.22‡ 2.04 1.28 0.24 
P > F 
Control vs. PC NS NS NS NS 
Control vs. Rye NS NS NS NS 
Control vs. WC NS NS NS NS 
Control vs. SD1 NS NS NS NS 
Control vs. SD2 NS NS NS NS 
Control vs. SD3 NS NS NS NS 
Cover × SD NS NS NS NS 
2017 
Control 3.5 328 173 43 
PC1 3.8 331 174 42 
PC2 3.4 331 173 42 
PC3 3.4 327 176 43 
Rye1 3.5 328 173 43 
Rye2 3.4 324 176 43 
Rye3 3.5 323 178 42 
WC1 3.5 327 174 42 
WC2 3.3 326 176 43 
WC3 3.8 328 176 42 
SE 0.13 1.72 0.95 0.21 
P > F 
Control vs. PC NS NS NS * 
Control vs. Rye NS NS * NS 
Control vs. WC NS NS NS * 
Control vs. SD1 NS NS NS NS 
Control vs. SD2 NS NS NS NS 
Control vs. SD3 NS NS ** * 
Cover × SD * NS NS * 
*, **, ***: Significant at P < 0.05, 0.01, and 0.001, respectively  
†Control treatment with no cover crop. PC1-PC3 are pennycress cover crop seeded at R4, 
R5 and R6 (corn) and R6, R7 and R8 (soybean), Rye1-Rye3 are rye cover crop seeded at 
R4, R5 and R6 (corn) and R6, R7 and R8 (soybean), and WC1-WC3 are camelina cover 
crop seeded at R4, R5 and R6 (corn) and R6, R7 and R8 (soybean). 
‡Indicates weighted SE for all variables. 
Corn and soybean yields are expressed at 155 and 130 g kg–1 moisture, respectively. 
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Table 4. Treatment means and significance for soil moisture (0-30 and 30-6- cm) in fall after 
corn harvest and in spring at rye termination in corn-soybean-corn sequence initiated in 2016 and 
2017 at Ames, IA. 
 Soil moisture 
 Fall Spring 
 0-30 cm 30-60 cm 0-30 cm 30-60 cm 
Treatment† -------------------------g kg-1------------------------ 
2016 
Control 174 176 181 192 
PC1 184 185 179 182 
PC2 170 186 176 195 
PC3 176 190 180 192 
Rye1 176 185 168 180 
Rye2 192 191 170 195 
Rye3 179 186 177 180 
WC1 169 170 173 177 
WC2 198 189 189 182 
WC3 182 178 175 192 
SE 8.1‡ 11.2 8.0 12.7 
P > F 
Control vs. PC NS NS NS NS 
Control vs. Rye NS NS NS NS 
Control vs. WC NS NS NS NS 
Control vs. SD1 NS NS NS NS 
Control vs. SD2 NS NS NS NS 
Control vs. SD3 NS NS NS NS 
Cover × SD NS NS NS NS 
2017 
Control 200 212 230 246 
PC1 192 218 212 231 
PC2 186 195 197 212 
PC3 197 201 206 242 
Rye1 209 228 216 253 
Rye2 180 194 222 222 
Rye3 190 197 203 233 
WC1 222 228 217 249 
WC2 198 193 207 211 
WC3 190 206 191 234 
SE 20.2 20.8 15.8 19.9 
P > F 
Control vs. PC NS NS NS NS 
Control vs. Rye NS NS NS NS 
Control vs. WC NS NS NS NS 
Control vs. SD1 NS NS NS NS 
Control vs. SD2 NS NS NS NS 
Control vs. SD3 NS NS NS NS 
Cover × SD NS NS NS NS 
†Control treatment with no cover crop. PC1-PC3 are pennycress cover crop seeded at R4, R5 
and R6 (corn) and R6, R7 and R8 (soybean), Rye1-Rye3 are rye cover crop seeded at R4, R5 
and R6 (corn) and R6, R7 and R8 (soybean), and WC1-WC3 are camelina cover crop seeded 
at R4, R5 and R6 (corn) and R6, R7 and R8 (soybean). 
‡Indicates weighted SE for all variables. 
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Table 5. Treatment means and significance for soil moisture (0-30 and 30-6- cm) in fall after 
soybean harvest and in spring at rye termination in soybean-soybean-corn sequence initiated in 
2016 and 2017 at Ames, IA. 
 Soil moisture 
 Fall Spring 
 0-30 cm 30-60 cm 0-30 cm 30-60 cm 
Treatment† ------------------------- g kg-1------------------------- 
2016 
Control 178 176 185 188 
PC1 170 181 187 194 
PC2 174 182 184 190 
PC3 180 185 189 195 
Rye1 178 182 194 196 
Rye2 170 168 186 177 
Rye3 172 183 186 197 
WC1 173 183 183 190 
WC2 175 184 184 195 
WC3 179 181 185 199 
SE 4.8‡ 7.4 6.3 9.0 
P > F 
Control vs. PC NS NS NS NS 
Control vs. Rye NS NS NS NS 
Control vs. WC NS NS NS NS 
Control vs. SD1 NS NS NS NS 
Control vs. SD2 NS NS NS NS 
Control vs. SD3 NS NS NS NS 
Cover × SD NS NS NS NS 
2017 
Control 190 209 208 220 
PC1 171 198 233 222 
PC2 192 212 213 229 
PC3 190 208 203 226 
Rye1 179 203 226 224 
Rye2 199 219 208 243 
Rye3 193 199 204 225 
WC1 205 198 202 238 
WC2 202 200 242 215 
WC3 185 213 203 239 
SE 16.7 19.1 19.2 20.2 
P > F 
Control vs. PC NS NS NS NS 
Control vs. Rye NS NS NS NS 
Control vs. WC NS NS NS NS 
Control vs. SD1 NS NS NS NS 
Control vs. SD2 NS NS NS NS 
Control vs. SD3 NS NS NS NS 
Cover × SD NS NS NS NS 
†Control treatment with no cover crop. PC1-PC3 are pennycress cover crop seeded at 
R4, R5 and R6 (corn) and R6, R7 and R8 (soybean), Rye1-Rye3 are rye cover crop 
seeded at R4, R5 and R6 (corn) and R6, R7 and R8 (soybean), and WC1-WC3 are 
camelina cover crop seeded at R4, R5 and R6 (corn) and R6, R7 and R8 (soybean). 
‡Indicates weighted SE for all variables. 
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Table 6. Treatment and significance for cover crop survival index (SI) and stand density, 
aboveground biomass (DM), and green cover (GC) in fall after corn harvest and in spring at rye 
termination in 2016 and 2017 at Ames, IA. 
 SI Stand density DM GC 
Treatment†  Fall Spring Fall Spring Fall Spring 
  ------m-2------ ------Kg ha-1------ ---------%--------- 
2016 
PC1 2.77a§ 128dc 27 75cb 303 8.8de 17.2 
PC2 0.72cde 369b 196 92b 1228 18.7bcd 38.4 
PC3 0.79bcde 348b 229 55bcd 820 8.7ed 32.3 
Rye1 1.28bc 118dc 57 284a 3440 24.4ab 54.0 
Rye2 1.15bcd 185c 87 311a 3870 32.5a 64.1 
Rye3 1.79ab 170c 134 123b 2620 21.1bc 51.6 
WC1 1.02bcde 6e 1 2d 0.0 0.8e 10.5 
WC2 0.16de 52de 7 7cd 80 1.7e 7.3 
WC3 1.57bc 498a 151 56bcd 565 13.7cd 23.7 
SE 0.3‡ 34 33 25 430 3.5 6.6 
P > F 
Rye vs. PC NS *** * *** *** *** *** 
 Rye vs. WC NS NS NS *** *** *** *** 
PC vs. WC NS ** ** * NS * ** 
SD1 vs. SD2 ** *** * NS NS * NS 
SD1 vs. SD3 NS *** *** **** NS NS NS 
SD2 vs. SD3 * *** ** ** NS NS NS 
Cover × SD ** *** NS *** NS * NS 
2017 
PC1 0.17b 64fe 26cd 19 97 3.3 13.2 
PC2 3.35a 206bc 169a 37 214 3.5 9.0 
PC3 0.42b 277a 117ab 26 107 2.4 7.5 
Rye1 1.29b 106de 46cd 206 1274 8.8 51.9 
Rye2 0.76b 139dc 81bc 90 1504 8.2 59.7 
Rye3 0.78b 129de 130ab 134 1175 7.2 52.7 
WC1 0.25b 77de 27cd 21 89 1.2 2.3 
WC2 0.22b 94de 44cd 14 96 0.4 4.8 
WC3 0.45b 226ab 51cd 26 126 0.8 4.8 
SE 0.5 24 21 22 137 1.3 5.2 
P > F 
Rye vs. PC NS ** NS *** *** *** *** 
 Rye vs. WC NS NS * *** *** *** *** 
PC vs. WC * * *** NS NS * NS 
SD1 vs. SD2 NS ** *** NS NS NS NS 
SD1 vs. SD3 NS *** *** NS NS NS NS 
SD2 vs. SD3 NS ** NS NS NS NS NS 
Cover × SD ** ** * NS NS NS NS 
*, **, ***: Significant at P < 0.05, 0.01, and 0.001, respectively 
†Control treatment with no cover crop. PC1-PC3 are pennycress cover crop seeded at R4, R5 and R6 (corn) and R6, R7 and 
R8 (soybean), Rye1-Rye3 are rye cover crop seeded at R4, R5 and R6 (corn) and R6, R7 and R8 (soybean), and WC1-WC3 
are camelina cover crop seeded at R4, R5 and R6 (corn) and R6, R7 and R8 (soybean). 
‡Indicates weighted SE for all variables.  
§Means followed by a same letter in a column within the year are not statistically significant at P=0.05. 
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Table 7. Treatment and significance for cover crop survival index (SI) and stand density, 
aboveground biomass (DM), and green cover (GC) in fall after soybean harvest and in spring at 
rye termination in 2016 and 2017 at Ames, IA. 
 SI Stand density DM GC 
Treatment†  Fall Spring Fall Spring Fall Spring 
  ------m-2------ ------Kg ha-1------ ---------%--------- 
2016 
PC1 0.03 12d§ 45 12 413 1.9 12.6 
PC2 0.65 323b 178 154 1129 15.2 31.6 
PC3 0.77 515a 238 36 1010 8.8 37.1 
Rye1 0.38 52cd 63 200 1780 16.0 46.0 
Rye2 0.63 134c 110 381 1717 31.5 45.7 
Rye3 0.59 96c 101 157 1834 15.9 43.8 
WC1 0.09 3d 0 0.2 0.0 0.8 2.3 
WC2 0.86 54cd 100 66 591 5.5 17.0 
WC3 0.25 250b 104 30 601 5.2 24.3 
SE 0.2‡ 30 39 51 385 3.2 7.6 
P > F 
Rye vs. PC NS *** NS *** ** *** ** 
Rye vs. WC NS NS NS *** *** *** *** 
PC vs. WC NS *** * NS NS NS * 
SD1 vs. SD2 *** *** ** ** NS ** NS 
SD1 vs. SD3 ** *** ** NS NS NS * 
SD2 vs. SD3 NS *** NS ** NS ** NS 
Cover × SD NS *** NS NS NS NS NS 
2017 
PC1 1.08 407a 157a 52c 352bcd 0.20 21.0bc 
PC2 1.77 435a 115b 50c 433bc 0.45 25.5b 
PC3 1.24 341a 133ab 9d 258bcd 0.43 17.6bcd 
Rye1 1.55 30c 12de 13d 317bcd 0.34 21.4b 
Rye2 1.30 164b 71c 164a 1537a 0.56 70.9a 
Rye3 0.99 135b 122ab 78b 1271a 0.13 59.4a 
WC1 0.86 35c 3de 0.4d 17cd 0.43 3.0de 
WC2 0.46 91bc 41cd 17d 145bcd 0.04 6.3cde 
WC3 0.62 337a 143ab 16d 444b 0.64 20.7bc 
SE 0.3 34 15 7 1 0.3 5.8 
    P > F    
Rye vs. PC NS *** *** *** *** NS *** 
Rye vs. WC * NS NS *** *** NS *** 
PC vs. WC ** *** *** *** NS NS * 
SD1 vs. SD2 NS * NS *** *** NS *** 
SD1 vs. SD3 NS *** *** * ** NS *** 
SD2 vs. SD3 NS NS *** *** NS NS NS 
Cover × SD NS *** *** *** ** NS *** 
*, **, ***: Significant at P < 0.05, 0.01, and 0.001, respectively 
†Control treatment with no cover crop. PC1-PC3 are pennycress cover crop seeded at R4, R5 and R6 (corn) and 
R6, R7 and R8 (soybean), Rye1-Rye3 are rye cover crop seeded at R4, R5 and R6 (corn) and R6, R7 and R8 
(soybean), and WC1-WC3 are camelina cover crop seeded at R4, R5 and R6 (corn) and R6, R7 and R8 (soybean). 
‡Indicates weighted SE for all variables.  
§Means followed by a same letter in a column within the year are not statistically significant at P=0.05.  
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Table 8. Treatment means and significance for weed density in spring at rye termination in corn-
soybean-corn and soybean-soybean-corn sequence initiated in 2016 and 2017 at Ames, IA. 
 C-S-C S-S-C 
 2016 2017 2016 2017 
Treatment† --------------------plants m-2-------------------- 
Control 92 26 110 45 
PC1 21 17 55 19 
PC2 20 14 25 19 
PC3 13 18 21 32 
Rye1 7 11 8 25 
Rye2 12 11 21 20 
Rye3 6 10 14 52 
WC1 60 28 137 45 
WC2 74 21 111 32 
WC3 17 17 63 28 
SE 26.9 4.0 26.7 12.7 
P > F 
Control vs. PC * * * NS 
Control vs. Rye * ** ** NS 
Control vs. WC NS NS NS NS 
Control vs. SD1 NS NS NS NS 
Control vs. SD2 NS * NS NS 
Control vs. SD3 * * ** NS 
Cover × SD NS NS NS NS 
*, **, ***: Significant at P < 0.05, 0.01, and 0.001, respectively. 
†Control treatment with no cover crop. PC1-PC3 are pennycress cover crop seeded 
at R4, R5 and R6 (corn) and R6, R7 and R8 (soybean), Rye1-Rye3 are rye cover 
crop seeded at R4, R5 and R6 (corn) and R6, R7 and R8 (soybean), and WC1-WC3 
are camelina cover crop seeded at R4, R5 and R6 (corn) and R6, R7 and R8 
(soybean). 
‡Indicates weighted SE for all variables. 
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Abstract 
Field pennycress (Thlaspi arvense L.) (PC) and winter camelina [Camelina sativa (L.) 
Crantz] (WC) have potential to provide ecosystem services and economic incentives when 
adopted as crops in corn (Zea mays L.)-soybean [Glycine max (L.) Merr.] rotations. However, 
establishment and seed yield of these oilseed cover crops in the northern Corn Belt and their 
subsequent impact on row crops is not well known. The objectives of these study were to 
determine the effects of interseeding dates and oilseed cover crop species on seed and oil content 
(PC and WC), relay soybean yield, and third year corn grain yield and grain qualities. The 
interseeding dates were R4, R5, and R6 development sages for corn and R6, R7 and R8 
development stages for soybean. The cover crop species were PC, WC, winter rye and control 
(no cover crop). Study sites were initiated near Ames, IA; Morris and Rosemount, MN; and 
Prosper, ND. Late interseeding of PC and WC resulted in greater PC and WC oilseed yield than 
early interseeding. However, overall seed yields of PC (218–880 kg ha-1) and WC (15-770 kg ha-
43 
1) averaged across interseeding dates were low in both corn and soybean. The PC and WC 
reduced relayed-soybean grain yield compared to control by 13 to 32% and 12 to 22%, 
respectively. Corn grain yield and quality following relay soybean were not affected by residual 
effects of oilseed crops. Further research is needed to identify the best management practices to 
integrate PC and WC into corn-soybean rotations in upper Midwest. 
Key words: camelina; corn; pennycress; relay cropping; soybean 
Abbreviations: NPG, northern Great Plains; PC, field pennycress; WC, winter camelina. 
Introduction 
Corn soybean and their rotation with winter fallow forms the predominant cropping 
system in the upper Midwestern United States (Minnesota, Wisconsin, Michigan, Illinois, Iowa, 
South Dakota, and North Dakota). This cropping system is high yielding and economically 
successful, but the long-term productivity and sustainability of such systems is questionable 
(Power and Follett, 1987; Reganold et al., 1990; Crookston et al., 1991; Jones and Singh, 2000). 
The typical cropping system in the upper Midwest has an absence of living ground cover 
following corn and soybean harvest that frequently leads to soil erosion (Laloy and Bielders, 
2010) and excessive loss of nutrients (Patel et al., 2019) due to lack of synchronization between 
nutrient availability and plant uptake (Myers, 1994). Concern over the excess use of nitrogen in 
the system, its losses during production and non-crop fallow, and subsequent impacts on 
environmental quality argue for the development of more sustainable cropping practices. 
Integration of cover crops in the existing cropping system is considered an effective strategy for 
improving sustainable production. Usually seeded in fall before row crop maturity or shortly 
after harvest, cover crops offer protection to the soil from wind and water erosion by providing 
surface cover. Despite several proven benefits of cover crops (Dabney et al., 2001; Kaspar et al., 
2001; Sainju et al., 2002; Blanco-Canqui et al., 2017), the rate of cover crop adoption by farmers 
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is still low (Kladivko et al., 2014) due to issues related to cover crop management and lack of 
immediate economic incentive (Plastina et al., 2018).  
The use of cover crops, common in the eastern and central Corn Belt, are uncommon in 
corn-soybean systems in the northern Great Plains (NGP) due to the short growing season and 
unpredictable weather conditions within and among growing seasons. Lack of winter soil cover 
increases soil organic matter and nutrient losses, resulting in decreased crop productivity and 
resiliency (Berti et al., 2017a). Innovative cropping systems are necessary to achieve continuous 
and sustainable supplies of food, feed, fuel, and bio-based products. Double- (Hexen and Boxley, 
1986) and relay cropping (Kline et al., 2003) systems are an option to produce biofuels, food, 
and biomass feedstock in a single season on the same land without sacrificing food security 
(Berti et al., 2015). Winter camelina (WC) and field pennycress (PC) are oilseed crops gaining 
attention due to their capacity to provide industrial feedstock for biofuels, lubricants, and plastics 
as well as to enhance agro-ecosystem services (Berti et al., 2016; Cubins et al., 2019). Integrating 
these crops as winter annuals between main summer crops can provide additional economic 
benefits (Gesch et al., 2014). Due to limited time to establish these crops after corn and soybean 
harvest and before winter freeze, interseeding into standing maize and soybean could be an 
option and would improve land use efficiency in corn-soybean cropping systems by temporal 
intensification through the inclusion of WC and field PC as cover crops and/or oilseed crops 
(Royo-Esnal et al., 2015; Berti et al., 2017b; Peterson et al., 2019). Interseeding of winter 
annuals into corn and soybean is possible in the NPG and Upper Midwest (Berti et al., 2017b; 
Johnson et al., 2017; Noland et al., 2018;). However, better seeding practices and agronomic 
management is required to improve yields of oilseed cover crops when used in corn-soybean 
system (Gesch and Cermak, 2011; Noland et al., 2018; Mohammed et al., 2020) and additional 
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environmental (Eberle et al., 2015; Johnson et al., 2017) and rotational benefits of these cover 
crops require better documentation to increase their adoption by growers. 
Successful integration and subsequent adoption of these oilseed cover crops into existing corn-
soybean systems in the northern Corn Belt is in part contingent upon the information regarding 
effect on row crop yields in double- or relay cropping system. The objectives of this study were 
to: i) quantify the field PC and WC oilseed yields when planted at late-season dates in standing 
corn and soybean; ii) determine the effect of oilseed cover crops on relay-planted soybean yield; 
and iii) investigate for residual effects of oilseed cover crops on yield and quality of corn planted 
in the year following relay soybean harvest. 
Materials and Methods 
Site Description 
A field study investigating two three-year crop sequences was initiated in the spring of 
2016 near Ames, IA; Prosper, ND; Morris, MN; and Waseca, MN. The three-year sequences 
were replicated in time the following year, 2017, by starting each sequence again near Ames, 
Prosper, and Morris. However, in 2017 Rosemount, MN was used to replace Waseca due to 
severe flooding in 2016. The soil types at each respective site were: Ames, IA (42° 00' N, 
- 93°44' W) with Clarion loam (fine-loamy, mixed, superactive, mesic Typic Hapludoll) and 
Webster clay loam (fine-loamy, mixed, superactive, mesic Typic Endoaquoll); Morris, MN 
(45°40′ N, -95°48′ W) with Hokans (fine-loamy, mixed, superactive, frigid Calcic Hapludolls)-
Svea (fine-loamy, mixed, superactive, frigid Pachic Hapludolls) complex; Rosemount, MN 
(44°42′ N, -93°03′ W) with Waukegon silt loam (fine-silty over sandy or sandy-skeletal, mixed, 
superactive, mesic Typic Hapludolls); and  Prosper, ND (46°58′ N, -97°03′ W) with Bearden silt 
loam (fine-silty, mixed, superactive, frigid Aeric Calciaquolls).  Weather data including monthly 
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mean temperature and rainfall across all years and locations were collected using a weather 
station near each site. 
Plot Design and Treatment Implementation 
The experiments were established in two separate three-year rotation systems, corn-
soybean-corn (C-S-C) and soybean-soybean-corn (S-S-C). The experimental design at Ames, 
Morris, and Rosemount was a randomized complete block in a split-plot arrangement with four 
replicates. The main plot (9.1 m x 7.6 m) consisted of three different seeding dates: R4, R5, and 
R6 developmental stage in corn as per Abendroth et al. (2011); R6, R7, and R8 developmental 
stage in soybean as per Wright and Lenssen (2013) while the subplot (3.0 m x 7.6 m) consisted 
of three cover crops, PC, WC, and cereal rye (Secale cereale L.). A control plot with no cover 
crop was present in each replicate to represent a conventional corn and soybean cropping system. 
At all sites, corn, and soybean cultivars or hybrids well adapted to the respective area were 
seeded in 76-cm row spacing using a four or six-row planter depending on site. At Prosper, the 
experimental design was a RCBD with factorial arrangement of the same seeding dates and 
cover crops mentioned above, and a control (no cover crop) treatment with four replicates. 
Cover Crop Seeding and Harvest 
Recommended crop management practices specific to each location were used for corn 
and soybean management. At all sites, 1064, 1368, and 222 pure live seeds (PLS) m-2 of field PC 
(cv. MN106), WC (cv. Joelle), and winter rye (cv. Rymin), respectively, were broadcast seeded 
in standing corn or soybean at different reproductive stages during the first year of the rotation. 
At Ames and Prosper, PC, WC, and rye were hand-broadcast followed by light raking, whereas 
at Morris and Rosemount, a modified high-clearance tractor, Lee Avenger (LeeAgra, Inc., 
Lubbock, TX), was used to broadcast cover crop seeds with shallow incorporation. Cover crop 
seeding and harvest date varied among sites (Table 1) due to differences in growth stage of corn 
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or soybean and varying maturity dates of cover crops. Rye was terminated in spring before 
planting soybean whereas, PC and WC was harvested for oilseed later in summer at their 
respective maturity. At the harvest of PC and WC, total number of plants were counted, and then 
aboveground biomass was harvested from 0.76 m2 from the center-two rows of each plot. Seeds 
from PC and WC silicles were separated and cleaned with combinations of sieves and air column 
separater and then weighed to determine seed yield ha-1. Winter camelina and PC seed oil 
content was measured by pulsed nuclear magnetic resonance (Bruker Minisepc mq10, Bruker, 
The Woodlands, TX). This instrument was calibrated with known quantities of pure oil for both 
species. In brief, seeds of WC and PC were dried at 130 oC for 4 h and cooled in a desiccator for 
15 min before measuring oil content. Then, approximately 5 g of this seed sample was used for 
oil content testing. For PC and WC seed carbon and nitrogen content determination, the seeds 
were dried at 65 oC until constant dry mass was achieved and ground to pass through a 0.425 mm 
screen. Then, oilseeds carbon and nitrogen content were determined using 0.2 g of this ground 
sample following dry combustion with Leco CN828 (LECO Corporation, St. Joseph, MI, USA). 
PC and WC seeds from Prosper in 2017 and 2018 for C-S-C system could not be analyzed for 
seed quality due to insufficient sample size. 
Relay Soybean Seeding and Harvest 
In the spring of the second year of both C-S-C and S-S-C sequences, soybean was relay-
planted (Table 1) into PC and WC along with terminated rye plots and no cover control plots 
when soil temperature was predicted to remain above 10oC. Rye was terminated using 
glyphosate [N-(phosphonomethyl)glycine] in spring at least 2 to3 days before seeding soybean. 
PC was flowering while WC was at bolting stage when soybean was relay planted after rye 
termination. Standard weed management practices using herbicide applications were used for 
soybean production at each site.  
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Soybean yield components (plant height, node number, and silicle count) were measured 
from six individual plants in the center of each row before harvesting the relay soybean. Grain 
yield of soybean was determined by harvesting the center-two rows of each plot with a self-
propelled combine. At Rosemount and Prosper, soybean yield component data were not collected 
from either crop sequence in 2018. Soybean seeds were analyzed for oil, C and N concentration 
using similar methods as mentioned above for PC and WC. 
Year Three Corn Seeding and Harvest 
At all sites in the year following relay soybean harvest, corn was no-till planted in the 
spring in both the C-S-C and S-S-C sequences. Corn hybrids suited for each location was used 
and locally recommended fertilizer (types and rates) and weed management practices applied. 
Corn grain yield was calculated following combine harvest of the center-two rows from each plot 
and reported at 155 g kg-1 moisture. Corn seed samples from each plot were collected at harvest 
and analyzed for seed N and C concentration using similar method as described above for PC 
and WC. Seed quality results are presented from all the sites, except for 2018 from Rosemount. 
Soil Sampling and Moisture Determination 
Soil samples from 0-30 cm and 30-60 cm depths were collected from all the treatments at 
the time of PC and WC harvest using a hand pushed probe (JMC Soil Samplers, Newton, IA, 
USA). Three random cores of soil samples were collected and composited from the center-two 
rows of each plot using a 1.7-cm diameter soil probe. Soil samples were weighed at field moist 
condition and then were dried at 105℃ for 48 h until reaching a constant weight and then 
weighed again to determine dry weight. The percent soil moisture concentration was calculated 
on a dry soil weight basis and presented in g kg-1.  Soil samples were not collected at cover crop 
harvest from Prosper in 2017 or 2018. 
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Statistical Analysis 
Data from the two cropping sequences (C-S-C and S-S-C) were analyzed separately using 
SAS 9.4 (SAS Institute. 2014). For each system, a combined analysis of variance was performed 
across all locations (Ames, Morris, and Rosemount) using a mixed linear model as suggested by 
Moore and Dixon (2015). Environment (year × location), replicate, and their interaction with 
seeding date and cover crop species were considered random while seeding date, cover crop 
entry, and their interaction were considered as fixed effects in the linear model. Due to 
incomplete factorial design of the experiments, contrast statements were used for comparing 
treatments and individual mean comparisons were made using the LSD at P=0.05. Data from the 
C-S-C sequence at Rosemount were not included in the combined analysis due to smothering of 
cover crops in the absence of proper corn residue management as described in the related study 
by Mohammed et al. (2020). Data from Prosper site were analyzed for a randomized complete 
block using a mixed model and presented separately due to use of a different experimental 
design.  
Results and Discussion 
Weather Conditions 
Weather conditions such as soil temperature and snow cover during winter can influence 
the overwintering capacity and survival of established cover crops. Winter temperatures (Jan. 
Feb) in 2017 were 5°C and 3°C above the long term mean across the sites and at Prosper, 
respectively. However, in 2018 and 2019, monthly air temperatures from Dec. to Feb. in Iowa 
and Minnesota sites were 1 and 3°C lower, respectively (Table 2). At Prosper, month of Jan-Feb. 
was 3 and 5°C below the 30-yr mean in 2018 and 2019, respectively. Total rainfall in 2017 
winter (Jan. and Feb.) was 1-cm greater whereas in 2019 was about 2-cm above the 30-yr 
average (Table 2).  
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Weather conditions during cover crop growth in the spring are important and influence 
growth and biomass accumulation and can subsequently affect flowering and seed yield of 
oilseed cover crops. Spring weather conditions also are important for timely seeding of row 
crops and their subsequent emergence and early season growth. Spring (March-May) 
temperatures in 2017 and 2018 was similar but 2019 across locations was 2°C colder across the 
sites. Prosper was 2-3°C below average in 2018 and 2019 spring. Spring in 2018 was drier across 
all the locations including Prosper, whereas, total spring rainfall in 2017 and 2019 was higher 
than the long-term mean with May in 2017 and 2019 receiving 4- and 6-cm more rainfall than 
the 30-yr average, respectively at Iowa and Minnesota locations. Similarly, in 2018, June 
received more than 6 cm of rain than the long-term average. 
Summer is the period of active growth of row crops and weather conditions during this 
play a crucial role in biomass accumulation and reproduction. Summer (June-Aug.) in 2017 and 
2019 across all three sites was slightly warmer than the average, whereas, at Prosper, summer 
temperatures were similar to the long-term mean throughout the experimental years. In Iowa and 
Minnesota, summer in 2017 was dry, wet in 2018 and slightly received slightly below normal 
rainfall in 2019. An excess of rainfall up to 2-6 cm compared with long-term normal was 
observed in the month of June and August in 2018. At Prosper, 2017 summer was dry while 
2019 received an excess of 13cm rainfall in summer. 
Average temperature in the fall (Sept-Nov) of 2018 and 2019 was 2- to 4-°C lower with 
temperatures in the fall of 2018 being similar to long-term average. Fall temperatures at Prosper 
was 3 below and above in 2018 and 2019, respectively. Fall of 2018 and 2019 were considerably 
wet and received an excess rainfall of 8- and 6-cm above the 30-yr average, respectively. 
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Rainfall in excess of 3 and 10cm was also received in at Prosper in the experimental year 2017 
and 2019.  
Pennycress and Camelina Seed Yield and Quality 
Cover crop survival after the winter and its subsequent growth and biomass accumulation 
in spring can be affected by seeding date into standing row crops (Mohammed et. al., 2020). 
Moreover, time of cover crop seeding in fall can influence germination and establishment under 
the row crop canopy. In this experiment, poor establishment of PC and WC in the fall and low 
survival during winter (Mohammed et. al., 2020) resulted in overall low oilseed yield for PC and 
WC in both C-S-C and S-S-C sequences (Table 3 and 4). Across all locations, mean seed yield of 
PC across seeding dates was significantly greater than WC in both sequences (Table 3). The 
higher yield of PC likely resulted from better fall establishment and winter survival (Mohammed 
et al., 2020). Mean yield of PC and WC was 344 and 201 kg ha-1 for C-S-C and 763 and 318 kg 
ha-1 for S-S-C rotation systems, respectively. Oilseed yield in our study were much lower 
compared with PC and WC yields of 1550 and 1100 kg ha-1, respectively, reported by Ott et al. 
(2019) in Minnesota where PC and WC was planted in early autumn (late Aug.-Sept.) into winter 
wheat stuble. Soybean should ideally be relay planted into the PC and WC before their bolting 
stage (Gesch et al. 2014), but due to prolonged cold soil temperatures, soybean seeding was often 
delayed during this study resulting in delayed wheel traffic which may have reduced seed yield 
of oilseed cover crops.  
Across both the oilseed cover crops (PC and WC), later seeding dates in corn (R6) and 
soybean (R8) resulted in greater yield of PC and WC, thus indicating that later seeding in the fall 
into standing corn and soybean is advantageous for seed yield. Higher seed yields of PC (Bishop 
and Nelson, 2018) and WC (Gesch and Cermak, 2011; Berti et al., 20217b) with late seeding in 
the fall was previously reported. Prolonged time with inadequate light penetration under the corn 
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and soybean canopy with early seeding dates could prevent PC and WC survival when seeded at 
earlier reproductive stages of corn and soybean (Mohammed et al., 2020).  
At Prosper, PC and WC oilseed yields were not significantly different in the C-S-C 
sequence and averaged 259 and 68 kg ha-1, respectively (Table 4). In the S-S-C sequence, PC 
yield was 47% greater compared with that of WC. Conversely, seed oil, N, and C concentrations 
were 17, 13, and 5% greater in WC than PC seeds, respectively. Seeding date of oilseed cover 
crops did not influence seed yield, seed oil and N concentration. However, seed C concentration 
was slightly higher when seeded early (R7) in soybean compared with late seeding (R8). 
Oil concentration of WC and PC across site years was not affected by either seeding date 
or its interaction with cover crop species in C-S-C sequence (Table 3). However, in S-S-C 
sequence, oil concentration was higher with later seeding dates (R7 and R8) as compared with 
earlier date (R6). Despite the low seed yield compared with PC, oil concentration of WC was 
3.5% higher in both sequences (Table 3). Averaged across all seeding dates, seed oil 
concentration for PC was 281 and 292 g kg-1 and for WC was 315 and 324 g kg-1 in corn and 
soybean systems, respectively. Similar range of oil concentrations for PC were reported by Dose 
et al. (2017) and Gesch and Cermak (2011), respectively. However, the oil concentration for WC 
were much lower than what have been reported in previous studies (Gesch et al. 2014; Gesch et 
al. 2018) which seems to indicate that plants were stressed and thus resulted in unusually low oil 
contents. 
Seed N concentration followed a similar trend as oil and was higher in WC compared 
with PC (Table 3). Interseeding date and its interaction with cover crop species did not influence 
oilseed N concentration. However, WC had higher N compared with PC in both sequences. The 
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N concentration of WC seeds was similar (44 g kg-1) in both the systems whereas PC had 42 and 
41 g kg-1 N in corn and soybean system, respectively.  
Oilseed C concentration was not affected by cover crop species in either C-S-C or S-S-C 
system and averaged around 540 g kg-1 for both the oilseed cover crops (Table 3). Similarly, 
interseeding date did not affect C concentration in corn system and averaged 545 g kg-1 across all 
seeding dates. However, in soybean system, oilseed carbon concentration was slightly higher 
with R8 seeding date (554 g kg-1) whereas it did not significantly differ between R6 (529 g kg-1) 
and R7 (536 g kg-1) seeding date.  
Soil Moisture at Oilseed Harvest 
Moisture in the upper surface soil at the time of soybean seeding is highly important for 
germination and initial soybean growth since the root system is not yet fully developed. 
Therefore, insufficient soil moisture during the initial growth phases can negatively affect the 
soybean growth and development. An actively growing cover crop in the spring can transpire a 
significant amount of moisture from soil which can result in adequate soil moisture for 
germination of a relay-planted or conventionally planted row crop in years with inadequate 
rainfall for recharging soil moisture. Soil moisture can be critical for the row crop later in the 
summer when there are less chances of receiving rainfall. Previous studies have shown that cover 
crops can play important roles in reducing and conserving soil moisture at different times of the 
year (Munawar et al., 1990; Raimbault et al., 1991; Wells at al., 2014) and thus affect growth 
and seed yield of row crops (Basche et al., 2016). Results of our study indicate that in both C-S-
C and S-S-C sequences, soil profile moisture at 0-30 cm and 30-60 cm at cover crop harvest was 
not influenced by either the type of cover crop or the fall seeding date of cover crops (Table 5). 
Mean soil moisture across all the treatments in the top 30-cm and 30-60 cm were similar and 
averaged about 20 g water kg-1 soil. Lack of differences in soil moisture in the topsoil profile are 
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explained by wet springs in 2017 and 2018 (Table 2). These results indicate that in years with 
wet spring, PC, WC, and rye (Appelgate et al., 2017) as cover crops will have access to sufficient 
soil moisture and thus avoid any negative effects on moisture availability of a relayed crop. 
Relay Soybean, Plant Height, Number of Nodes and Silicles Per Plant, Seed Yield and 
Nutrient Composition 
Plant height, number of nodes, and silicles can be indicators of seed yield (Board, 1985). 
Some of the yield components may be affected by relay seeding and later may be reflected in the 
soybean seed yield (Wallace et al. 1996). In our study, soybean seed yield components evaluated 
were not influenced by either crop species or their seeding date in the C-S-C sequence (Table 5). 
In the S-S-C sequence, mean soybean plant height at harvest was similar for the rye and no cover 
crop treatments, but plant height was reduced by 9- and 7-cm when soybean was relay planted 
into standing PC and WC, respectively ( Table 5). Late-seeded WC and PC (R7 and R8) reduced 
the relay soybean plant height at harvest as compared with the control treatment. Although, WC 
reduced the total number of nodes on the main stem by 5%, the mean number of silicles plant-1 
was not affected by either cover crop treatment or seeding date in S-S-C system. At Prosper, 
similar trends were seen in both C-S-C and S-S-C systems and number of nodes plant-1 and plant 
height were reduced by the PC and WC from all three seeding dates (Table 6). Similar to the 
other locations, rye did not affect either the number of nodes plant-1 or the soybean plant height. 
The total number of silicles plant-1 were not affected by cover crop species, seeding date or their 
interaction in both the rotation systems at the Prosper site.  
In a relay cropping system, moisture and nutrient availability could become a limiting 
factor when soybean is planted into cover crops (Duncan and Schapaugh, 1997) and can affect 
the yield of both the crops resulting in decreased yield as compared with a single crop. At Ames, 
Morris, and Rosemount, relay soybean yield in the S-S-C sequence was not affected by cover 
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crop species and seeding date or their interaction. However, in the C-S-C sequence, both PC and 
WC reduced relay-planted soybean seed yield by 15.6 and 12.5 %, respectively (Table 5). 
However, the herbicide terminated rye cover crop did not affect the relay soybean seed yield in 
either sequence.  
At Prosper, relay soybean seed yield was reduced by PC in both three-year sequences 
whereas WC decreased soybean yield only in the S-S-C system. The rye cover crop, however, 
did not affect yield of soybean when compared with the no cover crop control. Field pennycress 
reduced soybean yield by 32 and 28% in C-S-C and S-S-C sequences, respectively, whereas WC 
reduced relay soybean yield by 41% in S-S-C system. Reduction in relay soybean yield in our 
study is greater or in some cases similar to previous studies (Johnson et al. 2017; Ott et al. 2019). 
Johnson et al. (2017) saw reductions in soybean yields of about 20 to 30% when relayed with 
either PC or WC and Gesch et al. (2014) reported yield reductions of 25 to 33%. 
The overall productivity of a relay cropping system can be increased when the yields of 
both crops are combined for the system (Gesch et al., 2014; Johnson et al. 2017; Ott et al., 2019). 
However, in our study, the total yield (soybean and oilseed cover crop) of relay system across 
site-year was reduced in the C-S-C system (Fig. 1). Total relay system yield compared with 
monocrop soybean was reduced by 2% and 7% with PC and WC, respectively in the C-S-C 
sequence. However, total oilseed yield of the relay system was increased by 21% with PC and 
was similar with WC in the S-S-C sequence across all site years. At Prosper, relay interseeding 
soybean in both PC and WC reduced the total oilseed yield in both three-year sequences (Fig. 2). 
Total oilseed yield of the relay system with interseeding soybean into PC and WC was 75% and 
80% and 81% and 67% of the monocrop soybean yield in C-S-C and S-S-C systems at Prosper, 
respectively (Fig. 2). 
56 
Seed oil and C concentrations of relayed soybean was not affected by the presence of PC, 
WC, or rye in C-S-C or S-S-C sequences despite their decreasing yield in both systems (Table 5). 
Similar results were reported by Gesch et al. (2014) where seed oil concentration was similar for 
soybean whether it was relay cropped with WC or produced as a monocrop.  
Soybean seed N concentration across Iowa and Minnesota sites was slightly reduced with 
a rye cover crop and at later seeding date (R8) in the S-S-C system. Oil and C concentrations of 
soybean seed across all cover crop treatments in both the cropping sequences averaged around 
212 and 534 g kg-1, respectively, and was similar to the no cover crop control (Table 5). At 
Prosper site, soybean seed quality was not affected by any treatments when relay intercropped 
with PC, WC, or rye cover crops (table 6). This suggest that even though the yield of soybean in 
double- and relay cropping systems was reduced, the quality of soybean seed was not affected. 
Year Three Corn Yield and Quality 
Field pennycress and WC, when used as oilseed crops, may result in seed accumulation 
in the soil seed bank l due to shattering losses before or at harvest. Field pennycress seed can 
remain dormant in soil for an extended period (Saini et al., 1987; Francis and Warwick, 2009; 
Karimmojeni et al., 2014) and may germinate and emerge the following spring at the time of row 
crop seeding or emergence. These volunteer oilseeds in the subsequent spring may provide 
competition to the row crop and negatively affect row crop growth, seed yield, and quality. In 
our study, despite some emergence of volunteer PC in the following spring (data not shown), the 
grain yield of Year 3 corn from both crop sequences was not affected by cover crop species, 
seeding date, or their interaction (Table 5 and 6). The mean yield of corn in both sequences was 
12.8 Mg ha-1 across Iowa and Minnesota sites (Table 5). Whereas at Prosper, average corn yield 
was 12.4 and 13.5 Mg ha-1 for C-S-C and S-S-C systems, respectively (Table 6). Similar to 
soybean, seed N and C concentrations of year three corn were not affected by cover crop species, 
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seeding date, or their interaction and averaged about 13 and 453 g kg-1, across all sites, 
respectively. 
Conclusions 
Results document that soil moisture at oilseed cover crop harvest was not affected by WC 
or PC, indicating that moisture requirements of soybean would not be affected when relayed into 
these oilseed crops. When interseeded into standing corn and soybean, PC produced greater yield 
compared with WC. Seeding at later reproductive stages of corn and soybean, increased the 
oilseed yield of both PC and WC, suggesting late seeding of oilseed cover crops in the fall is 
preferred. Although when seeded later in the fall PC and WC produced greater seed yield, the 
seed yield of soybean was decreased when relayed into PC and WC in the C-S-C system. Despite 
some seed dormancy and emergence of volunteer PC in the spring following relay soybean 
harvest, there were no residual effects on the corn yields in the year following relay soybean 
harvest. There are several challenges in successfully integrating PC and WC into corn and 
soybean systems in the upper Midwest. As per the findings of our study, seeding at late 
reproductive stages or after harvest as suggested by Berti et al. (2017b) provides better chances 
for successful intercropping of PC and WC into corn or soybean and should improve system 
productivity.  
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Figures and Tables 
 
Fig. 1. Total grain yield (soybean and oilseed cover crop) in relay year for 2018 and 2019 in 
corn-soybean-corn (C-S-C) and soybean-soybean-corn (S-S-C) sequences across sites (Ames, 
IA; Morris, and Rosemount, MN). 
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Fig. 2. Total grain yield (soybean and oilseed cover crop) in relay year for 2018 and 2019 in 
corn-soybean-corn (C-S-C) and soybean-soybean-corn (S-S-C) sequences at Prosper, ND. 
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Table 1. Cover crop, soybean and corn planting and harvest dates in corn-soybean-corn and soybean-soybean-corn sequences. 
in Ames, IA, Morris and Rosemount, MN, and Prosper, ND in 2017, 2018 and 2019. 
Field Operation Ames Morris Rosemount Prosper 
Cover crop interseeding in to standing corn 
R4 09 Aug. 2016; 11 Aug. 2017   23 Aug. 2016;  
23 Aug. 2017 
29 Aug. 2017 19 Aug. 2016; 24 Aug. 2017 
R5 01 Sep. 2016; 08 Sep. 2017 02 Sep. 2016; 07 Sep. 2017 12 Sep. 2017 06 Sep. 2016; 06 Sep. 2017 
R6 29 Sep. 2016; 25 Sep. 2017 14 Sep. 2016; 22 Sep. 2017 20 Sep. 2017 22 Sep. 2016; 19 Sep. 2017 
Relay soybean planting 
following previous year corn 
09 May 2017; 11 May 2018 05 May 2017; 15 May 2018 
 
04 June 2018 12 May 2017; 23 May 2018 
Cover crop harvest interseeded in to standing corn 
R4; R5; R6 (PC) 12 June 2017; 10 June 2018 R4 15 June, R5 and R6 19 
June 2017; 29 June 2018 
N/A R5 16 June and R6 21 June 
2017; 22 June 2018 
R4; R5; R6 (WC) 20 June 2017; 16 June 2018 R4 27 June, R5 and R6 30 
June 2017; R4 2 July and 
R5 and R6 3 July 2018 
N/A R5 27 June, R6 7 July 2017;  
9 July 2018 
Rye termination 04 May 2017; 08 May 2018 7 June 2017; 11 May 2018 01 June 2018 5 May 2017; 21 May 2018 
Relay soybean harvest  18 Oct. 2017; 10 Oct. 2018 10 Oct. 2017; 23 Oct. 2018 22 Oct. 2018 19 Oct 2017; 22 Oct 2018 
Year 3 corn planting 13 May 2018; 03 May 2019 16 May 2018; 15 May 2019 23 May 2018 15 May 2018; 29 May 2019 
Year 3 Corn harvest 15 Oct 2018; 09 Oct. 2019 16 Oct. 2018; 30 Oct. 2019 09 Oct. 2019 31 Oct 2018; 5 Nov 2019 
Cover crop interseeding in to standing soybean 
R6 18 Aug. 2016; 24 Aug. 2017 23 Aug. 2016;  
23 Aug. 2017 
29 Aug. 2017 19 Aug. 2016; 24 Aug. 2017 
R7 12 Sep. 2016; 15 Sep. 2017 02 Sep. 2016; 07 Sep. 2017 12 Sep. 2017 06 Sep. 2016; 06 Sep. 2017 
R8 30 Sep. 2016; 25 Sep. 2017 14 Sep. 2016; 22 Sep. 2017 20 Sep. 2017 22 Sep. 2016; 19 Sep. 2017 
Relay soybean planting 
following previous year soybean 
09 May 2017; 11 May 2018 
 
05 May 2017; 15 May 2018 
 
04 June 2018 12 May 2017; 23 May 2018 
Cover crop harvest interseeded in to standing soybean 
R6; R7; R8 (PC) 12 June 2017; 09 June 2018 15 June 2017; 29 June2018 22 June 2018 R7 16 June and R8 21 June 
2017; 22 June 2018 
R6; R7; R8 (WC) 21 June 2017; 15 June 2018 19 June 2017; 05 July 2018 11 July 2018 R7 27 June, R8 7 July 2017; 9 
July 2018 
Rye termination 06 May 2017, 08 May, 2018 7 June 2017; 18 May 2018 01 June 2018 5 May 2017; 21 May 2018 
Relay soybean harvest  18 Oct. 2017; 10 Oct. 2018 10 Oct. 2017; 23 Oct 2018 22 Oct 2018 19 Oct 2017; 22 Oct 2018 
Year 3 corn planting 13 May 2018, 03 May 2019 16 May 2018; 15 May 2019 23 May 2019 15 May 2018; 29 May 2019 
Year 3 corn harvest 15 Oct. 2018; 09 Oct. 2019 16 Oct. 2018; 30 Oct. 2019 9 Oct. 2019 31 Oct 2018; 5 Nov 2019 
R4, R5, R6 and R6, R7, R8 are developmental stages of corn and soybean respectively for cover crop seeding. 
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Table 2. Monthly mean air temperature (°C) and total rainfall (cm) in 2017, 2018, 2019, and long-term average across three sites 
(Ames, IA; Morris and Rosemount, MN) and Prosper, ND. 
 Average across sites Prosper 
Month 2017 2018 2019 LTA 2017 2018 2019 LTA 
 Tem‡ RF§ Tem RF Tem RF Tem RF Tem RF Tem RF Tem RF Tem RF 
Jan. -6.9 3.7 -9.5 2.1 -10.6 1.2 -9.7 2.1 -11.3 M -13.0 M -15.3 M -13.1 1.5 
Feb. -0.8 1.9 -10.0 2.6 -12.5 4.7 -7.2 2.1 -5.3 M -15.3 M -18.9 M -10.0 1.4 
Mar. 0.6 3.6 -0.3 3.5 -3.2 5.0 0.1 4.8 -2.5 M -5.2 M -8.8 M -2.7 2.9 
Apr. 9.3 8.6 2.7 3.6 7.9 8.0 8.3 7.8 6.6 1.7 0.0 0.4 5.0 2.3 6.3 3.7 
May 14.4 14.4 19.0 7.9 12.8 16.3 15.0 10.1 13.2 1.7 16.9 5.4 10.7 6.0 13.4 7.7 
June 21.1 7.9 21.8 17.8 20.5 8.5 20.3 11.7 19.1 8.8 20.5 7.9 19.2 12.2 18.7 10.0 
July 22.9 6.2 20.5 8.9 23.0 13.6 22.3 10.9 21.2 5.0 20.3 6.5 21.9 15.6 21.3 8.8 
Aug. 19.4 13.0 16.3 13.0 20.2 8.8 16.1 10.8 18.1 5.3 19.4 7.9 18.4 10.2 20.4 6.7 
Sep. 18.3 6.4 10.8 11.7 18.6 14.7 16.6 8.2 15.3 15.2 14.1 7.1 15.5 14.8 14.8 6.6 
Oct. 10.3 10.7 3.5 8.1 7.3 9.1 9.5 6.5 7.5 0.7 3.8 6.7 4.6 7.7 7.3 6.2 
Nov. 0.5 0.7 5.8 7.2 -10.6 1.2 0.7 4.1 -3.3 M -6.1 M M M -1.9 2.3 
Dec. -7.0 0.7 5.1 8.6 -12.5 4.7 -7.1 2.6 -11.2 M -8.0 M M M -10.1 1.6 
†LTA = Long term average, ‡Tem= mean air temperature; §RF= total monthly rainfall; and ¶M = missing data 
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Table 3. Pennycress (PC) and camelina  (WC) seed yield and quality in three seeding dates (SD1, 
SD2, and SD3) across sites (Ames, IA; Morris, and Rosemount, MN) for year 2017 and 2018 in 
corn-soybean-corn (C-S-C) and soybean-soybean-corn (S-S-C) sequences. 
 C-S-C sequence S-S-C sequence 
Treatment 
(Cover)† 
Yield Oil N C Yield Oil N C 
 kg ha-1 _______ g kg-1_______ kg ha-1 _______ g kg-1_______ 
PC1 325.4 272 41 533 658.7 279 41 534 
PC2 304.0 287 42 545 749.1 303 41 546 
PC3 401.5 285 43 546 879.7 293 42 552 
WC1 64.9 308 44 548 42.1 297 45 515 
WC2 209.0 311 44 547 143.3 331 42 500 
WC3 328.0 327 44 551 770.0 344 45 556 
SE 91.1‡ 20.6 1.5 14.6 295.5 12.6 1.8 22.9 
P > F 
PC vs WC ** *** ** NS * ** NS NS 
SD1 vs SD2 NS NS NS NS NS * NS NS 
SD1 vs SD3 ** NS NS NS * * NS NS 
SD2 vs SD3 NS NS NS NS NS NS NS NS 
Cover × SD NS NS NS NS NS NS NS NS 
*, **, ***: Significant at P < 0.05, 0.01, and 0.001, respectively 
†Treatments PC1 to PC3 are pennycress treatments seeded at R4, R5 and R6 and R6, R7 and R8 
in corn and soybean, respectively. Treatments WC1 to WC3 are camelina treatments seeded at 
R4, R5 and R6 and R6, R7 and R8 in corn and soybean, respectively 
‡Indicates weighted SE for all variables. 
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Table 4. Treatment means and significance for pennycress (PC) and camelina (WC) seed yield in 
three seeding dates (SD1, SD2, and SD3) in 2017 and 2018 and seed quality in S-S-C sequence 
in 2018 for Prosper, ND site. 
 C-S-C  S-S-C  
Treatment (Cover)† Yield Yield Oil N C 
 kg ha-1 kg ha-1 ____________ g kg-1____________ 
PC1 218.8 251.0 318 41 556 
PC2 242.0 281.9 323 40 558 
PC3 316.9 385.9 321 40 556 
WC1 15.4 120.8 383 47 585 
WC2 30.6 136.5 387 47 587 
WC3 158.5 230.9 385 46 582 
SE 149.52‡ 126.58 3.4 0.6 1.0 
P > F 
PC vs WC NS * *** *** *** 
SD1 vs SD2 NS NS NS NS NS 
SD1 vs SD3 NS NS NS NS NS 
SD2 vs SD3 NS NS NS NS ** 
Cover × SD NS NS NS NS NS 
*, **, ***: Significant at P < 0.05, 0.01, and 0.001, respectively †Treatments PC1 to 
PC3 are pennycress treatments seeded at R4, R5 and R6 and R6, R7 and R8 in corn and 
soybean, respectively. Treatments WC1 to WC3 are camelina treatments seeded at R4, 
R5 and R6 and R6, R7 and R8 in corn and soybean, respectively 
‡Indicates weighted SE for all variables. 
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Table 5. Treatment means and significance for soil moisture at cover crop harvest, soybean 
measurements including seed yield, silicles plant-1(Sil), nodes plant-1, plant height (Ht), seed 
oil,  seed N, and seed C concentrations, and Year 3 corn grain yield, seed N and C concentration 
across sites (Ames, Morris, Rosemount) and years (2017 and 2018) for corn-soybean-corn (C-S-
C) and soybean-soybean-corn (S-S-C) rotations, respectively. Corn grain N and C is only 
presented for year 2018. 
 Soil moisture Relay soybean Year 3 Corn 
Treatment† 0-30 cm 30-60 cm Nodes Sil Ht Yield Oil N C Yield N C 
 ____ g kg-1 ___ __# plant -1__ cm Mg ha-1 ______ g kg-1_______ Mg ha-1 __ g kg-1__ 
C-S-C  
Control 216 208 13.2 28.9 80.2 3.2 211 63 534 12.8 12 453 
PC1 192 203 13.0 29.7 70.0 2.5 211 63 533 12.8 12 453 
PC2 189 201 12.9 30.4 73.8 2.9 213 63 534 12.8 12 453 
PC3 190 197 13.3 31.8 75.8 3.0 213 62 534 12.6 12 453 
Rye1 209 205 13.4 30.4 79.1 3.2 211 63 534 12.7 12 453 
Rye2 192 195 13.3 30.0 79.6 3.3 211 63 534 13.2 12 453 
Rye3 183 196 13.4 30.2 81.8 3.3 212 63 535 12.8 12 453 
WC1 193 210 12.9 29.5 77.7 2.8 211 63 534 13.3 12 452 
WC2 185 202 12.7 28.9 74.3 2.7 215 63 534 12.4 12 453 
WC3 194 203 12.8 29.3 74.8 2.8 212 63 534 12.7 12 452 
SE 19.2‡ 18.1 1.6 6.17 8.29 0.29 4.1 0.7 1.7 0.65 1.2 3.5 
P > F 
Control vs. PC NS‡ NS NS NS NS * NS NS NS NS NS NS 
Control vs. Rye NS NS NS NS NS NS NS NS NS NS NS NS 
Control vs. WC NS NS NS NS NS * NS NS NS NS NS NS 
Control vs. SD1 NS NS NS NS NS NS NS NS NS NS NS NS 
Control vs. SD2 NS NS NS NS NS NS NS NS NS NS NS NS 
Control vs. SD3 NS NS NS NS NS NS NS NS NS NS NS NS 
Cover × SD NS NS NS NS NS NS NS NS NS NS NS NS 
S-S-C 
Control 197 198 13.4 30.2 74.1 2.6 211 65 534 12.4 12 451 
PC1 183 197 13.0 29.0 66.5 2.3 212 64 533 13.1 13 452 
PC2 187 199 13.3 29.7 64.0 2.3 211 64 534 13.2 12 452 
PC3 185 196 13.2 29.1 66.2 2.5 213 64 534 13.4 12 452 
Rye1 197 202 13.3 30.6 73.5 2.6 213 64 535 12.6 12 452 
Rye2 187 204 13.1 27.3 68.8 2.6 212 64 534 13.3 13 452 
Rye3 185 201 13.8 30.5 74.9 2.6 213 64 534 12.8 12 452 
WC1 191 205 12.9 28.1 70.2 2.3 211 65 533 12.9 13 452 
WC2 186 202 12.1 25.8 64.0 2.2 213 64 534 12.8 12 452 
WC3 197 210 13.1 29.5 66.7 2.4 212 64 533 12.4 13 452 
SE 13.3 17.1 1.24 2.52 5.23 0.27 2.8 1.2 1.2 0.70 1.1 4.5 
P > F 
Control vs. PC NS NS NS NS *** NS NS NS NS NS NS NS 
Control vs. Rye NS NS NS NS NS NS NS * NS NS NS NS 
Control vs. WC NS NS * NS ** NS NS NS NS NS NS NS 
Control vs. SD1 NS NS NS NS NS NS NS NS NS NS NS NS 
Control vs. SD2 NS NS NS NS *** NS NS NS NS NS NS NS 
Control vs. SD3 NS NS NS NS * NS NS * NS NS NS NS 
Cover × SD NS NS NS NS NS NS NS NS NS NS NS NS 
*, **, ***: Significant at P < 0.05, 0.01, and 0.001, respectively  
†Control treatment with no cover crop. PC1-PC3 are pennycress cover crop treatments seeded at R4, R5 and R6 and R6, R7 and R8 in corn and 
soybean, respectively. Rye1-Rye3 are rye cover crop treatments seeded at R4, R5 and R6 and R6, R7 and R8 in corn and soybean, respectively and 
treatments WC1-WC3 are camelina cover crop treatments seeded at R4, R5 and R6 and R6, R7 and R8 in corn and soybean, respectively. 
‡Indicates weighted SE for all variables. 
Corn and soybean yields are expressed at 155 and 130 g kg–1 moisture, respectively. Soil moistures are expressed on an oven-dry basis. 
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Table 6. Treatment means and significance for soil moisture at cover crop harvest and soybean 
measurements including grain yield (Y), silicles (Sil), node count (Nodes), plant height (Ht), 
seed oil, seed N, and seed C and year 3 corn yield (Y), seed N and C concentration across years 
(2017 and 2018) at Prosper, ND site for corn-soybean-corn (C-S-C) and soybean-soybean-corn 
(S-S-C) rotations, respectively. Corn grain N and C is only presented for year 2018. 
 Relay soybean Year 3 corn 
Treatment† Nodes Sil Ht Yield Oil N C Yield N C 
 ___ plant -1___ cm Mg ha-1 ______ g kg-1______ Mg ha-1 ____ g kg-1____ 
C-S-C 
Control 13.6 27.0 92.3 3.7 208 62 529 13.0 14 453 
PC1 10.3 20.4 55.5 2.5 205 63 529 12.3 14 453 
PC2 10.4 23.1 59.5 2.7 205 63 528 11.6 14 454 
PC3 11.4 21.6 51.6 2.3 205 63 529 11.9 14 454 
Rye1 13.1 28.5 88.8 3.5 208 62 529 12.8 15 454 
Rye2 12.3 21.6 79.3 3.4 207 62 529 12.4 15 454 
Rye3 12.9 26.3 84.2 3.7 208 61 529 13.0 14 453 
WC1 10.5 25.4 49.9 2.7 208 61 529 12.7 15 454 
WC2 11.3 28.2 54.2 3.0 206 62 528 12.4 14 454 
WC3 10.2 21.4 50.2 2.9 205 62 528 12.1 14 454 
SE 0.56‡ 2.74 5.35 0.40 6.6 1.1 2.1 2.67 0.4 0.5 
P > F 
Control vs. PC *** NS‡ *** * NS NS NS NS NS NS 
Control vs. Rye NS NS NS NS NS NS NS NS NS NS 
Control vs. WC *** NS *** NS NS NS NS NS NS NS 
Control vs. SD1 *** NS *** NS NS NS NS NS NS NS 
Control vs. SD2 *** NS *** NS NS NS NS NS NS NS 
Control vs. SD3 ** NS *** NS NS NS NS NS NS NS 
Cover × SD NS NS NS NS NS NS NS NS NS NS 
S-S-C 
Control 14.4 26.7 86.2 3.1 209 63 532 13.8 14 455 
PC1 13.5 23.1 66.1 2.3 208 64 532 12.5 14 454 
PC2 12.6 24.0 64.3 2.3 207 64 532 13.5 14 455 
PC3 12.5 21.7 59.5 2.1 207 65 531 13.3 14 454 
Rye1 14.4 29.7 80.5 3.2 208 63 532 13.5 15 454 
Rye2 14.5 30.6 78.2 2.9 208 63 530 13.1 15 454 
Rye3 13.9 25.4 78.3 2.9 209 63 532 13.7 15 455 
WC1 11.6 25.9 48.1 1.7 207 64 532 13.8 15 454 
WC2 11.2 26.1 45.2 2.0 209 63 532 13.4 14 454 
WC3 12.3 26.6 50.6 1.8 206 64 531 14.6 14 455 
SE 0.49 2.78 4.52 0.38 6.5 1.1 2.5 1.91 0.4 0.5 
P > F 
Control vs. PC * NS *** * NS NS NS NS NS NS 
Control vs. Rye NS NS NS NS NS NS NS NS NS NS 
Control vs. WC *** NS *** ** NS NS NS NS NS NS 
Control vs. SD1 * NS *** NS NS NS NS NS NS NS 
Control vs. SD2 ** NS *** NS NS NS NS NS NS NS 
Control vs. SD3 * NS *** * NS NS NS NS NS NS 
Cover × SD NS NS NS NS NS NS NS NS NS NS 
*, **, ***: Significant at P < 0.05, 0.01, and 0.001, respectively  
†Control treatment with no cover crop. PC1-PC3 are pennycress cover crop treatments seeded at R4, R5 and R6 and R6, R7 and 
R8 in corn and soybean, respectively. Rye1-Rye3 are rye cover crop treatments seeded at R4, R5 and R6 and R6, R7 and R8 in 
corn and soybean, respectively and treatments WC1-WC3 are camelina cover crop treatments seeded at R4, R5 and R6 and R6, 
R7 and R8 in corn and soybean, respectively 
‡Indicates weighted SE for all variables. 
Corn and soybean grain yields expressed at 155 and 130 g kg–1 moisture, respectively. 
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CHAPTER 4.    MANAGEMENT, PRODUCTIVITY AND WEED COMMUNITY 
DYNAMICS IN CORN-ALFALFA INTERCROPPING IN IOWA  
Swetabh Patel, Andrew W. Lenssen, Kenneth J. Moore and Marisol. T Berti 
S. Patel, A.W. Lenssen, K.J. Moore, Dept. of Agronomy, Iowa State Univ., Agronomy Hall, 
Ames, IA 50011-1010, USA; M.T. Berti, Dept. Plant Sciences, North Dakota State Univ., 
Loftsgaard Hall, Fargo, ND 58102, USA. 
Modified from a manuscript to be submitted to Agronomy Journal 
Abstract 
Intercropping of legumes with cereals for forage production is one of the most practical 
multi-cropping techniques to increase crop yield and improve land use efficiency. Intercropping 
alfalfa (Medicago sativa L.) with corn (Zea mays L.) has the potential to increase the overall 
economic yield, as well as improve land sustainability compared with either crop alone. The 
objective of this study was to increase the overall productivity and improve the resiliency of the 
cropping system. The study was conducted near Boone, Iowa in 2016-2018 and repeated in 
2017-2019. Corn was planted in 76-cm rows and alfalfa were then drilled in between the corn 
rows on the same day. The experimental design was a randomized complete block design with 
four replications. Each block had 5 treatments: alfalfa only, corn only, corn intercropped with 
alfalfa, corn intercropped with alfalfa with prohexadione (PHD) applied to alfalfa at V8 corn 
stage,  and spring seeded alfalfa (corn in the establishment year followed by planting alfalfa the 
following year). Corn grain yield was reduced by 23-26% when intercropped with alfalfa. 
Application of PHD to alfalfa did not affect corn grain yield or improve alfalfa establishment. 
Alfalfa stand density under corn canopy was reduced by 36-68% compared to alfalfa alone in the 
establishment year. There was no difference in alfalfa yield and quality in the second production 
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year, however, intercropped alfalfa yield was 5-6 times greater than spring seeded alfalfa in the 
first production year.  
Key words: corn; alfalfa; intercropping 
Abbreviations: LAI; leaf area index; PHD, prohexadione calcium 
Introduction 
Multi-cropping techniques where legumes are intercropped with cereals for forage 
production is a practice to increase overall yield and improve land use efficiency (Zhang et al., 
2011) Legume-cereal intercropping yields are consistently greater when compared with 
monoculture (Anil et al., 1998). Growing crops in mixed stands can be more productive than 
monocultures mainly because of better nutrient-use-efficiency, improved light use, enhanced 
weed control, pest suppression, and reduced water run-off (Anil et al., 1998; Zhang and Li, 
2003).  
Zhang et al. (2013) showed that intercropping alfalfa (Medicago sativa L.) with corn (Zea 
mays L.) resulted in greater grain production for corn and greater forage biomass production for 
alfalfa, as well as greater land sustainability compared with either crop alone. Pendleton et al. 
(1957) reported that early seeding of forage legumes into standing corn favored legume stand 
establishment. The best stands of alfalfa were obtained when seeded at the same time as corn.  
In China, water infiltration rate was increased, and surface sediment run-off was 
decreased when alfalfa was intercropped or grown in rotation (Wu et al., 2011). The absence of 
tillage during the alfalfa phase of the rotation improves soil structure compared to tillage for an 
annual crop (Wu et al., 2011). In a conventional system, where corn is harvested and the soil 
tilled to prepare a seedbed for the subsequent spring alfalfa crop, the soil surface will be bare 
during the winter and early spring, increasing soil erosion and nutrient losses by run-off (Hatfield 
et al., 2009). Therefore, integrating alfalfa into the cropping system sooner can provide cover to 
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the soil and improve the infiltration rate, thereby reducing surface run-off and soil sediment loss 
(Wu et al., 2011). 
Light competition is an important factor in alfalfa-corn intercropping. Specifically, light 
interception by corn is about 80 to 90% at tasseling, thus, only 10% of photosynthetically active 
radiation (PAR) will be available for the alfalfa under the canopy (Matusso et al., 2014). The 
main drawbacks of corn–alfalfa intercropping with the lack of light for alfalfa plants growing 
under the corn canopy is the etiolation (longer internodes) of alfalfa stems, poor establishment of 
alfalfa under a dense corn canopy, and perhaps chances of increased disease and pest pressure. 
Intercropped alfalfa would likely compete with corn for nutrients, water and other resources and 
may decrease corn yield. In order to improve the survival of the alfalfa under the canopy and 
reduce stem etiolation, growth regulators have been evaluated to suppress internode elongation. 
Rethwisch et al. (2003) used prohexadione calcium [Apogee ® (BASF Corp., NJ, USA)], as a 
growth regulator in alfalfa for this purpose. Prohexadione (PHD) is a gibberellic acid inhibitor 
registered for use in other crops. It reduces internode elongation (Rademacher, 2000), resulting 
in increased alfalfa leaf/stem ratio and improved survival under the silage corn canopy (Grabber, 
2016). Intercropped alfalfa treated with prohexadione in the seeding year competed less with the 
corn and improved the survival the survival rate of alfalfa intercropped with silage corn 
(Osterholz et al., 2018). First-year yields of alfalfa established as an intercrop with corn the 
previous year were two-fold greater than alfalfa spring-seeded after corn. In recent studies where 
prohexadione was used, first year alfalfa yields and fall stand densities were improved compared 
with untreated alfalfa (Grabber, 2016). 
Alfalfa-corn based cropping systems improve N economy of the cropping system by 
adding N credits (Olmstead and Brummer, 2008), reducing subsequent corn N requirements 
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(Yost et al., 2013; Mikic et al., 2015), increasing productivity, and net returns in comparison 
with monoculture (Seran and Brintha, 2010). In a study conducted in Minnesota, alfalfa added 47 
to 72 kg ha-1 of N credit to the corn silage crop, increasing corn silage yield 1.8 Mg ha-1.  
Considerable losses in crop production occur due to the presence of weeds that compete 
with the crop for nutrients, water, and light (Stephens, 1982). Alfalfa establishment stand density 
and overall productivity can be negatively affected by the presence of a number and types of 
weed species and overall weed biomass. Therefore, for successful production of alfalfa, accurate 
information regarding the presence and composition of the weed community is needed.  
Low productivity of alfalfa in the seeding year and high risk of soil and nutrient loss 
associated with conventional corn provide an opportunity for using corn as a companion crop for 
alfalfa establishment. In a corn-alfalfa intercropping system corn would serve as a companion 
crop to alfalfa during establishment and alfalfa would serve as a cover crop after corn harvest, 
while also having potential to enhance productivity by bringing alfalfa into full forage 
production the following year. With the availability of glyphosate-tolerant corn and alfalfa, and 
the use of growth regulators (Osterholz et al., 2018), corn-alfalfa intercropping has potential in 
Iowa.  
The objective of this study was to determine the overall productivity of a corn alfalfa 
intercropping system and identify the weed community present at various stages of alfalfa 
establishment and growth.  
Materials and Methods 
Site Description 
A three-year corn-alfalfa intercropping study was started in 2016 at Sorenson research 
farm in Boone, IA (42°00'N, 93°44'W). The entire study was replicated in 2017 on a different 
field on the same research farm. Soil types for both locations were Clarion loam (fine-loamy, 
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mixed, superactive, mesic Typic Hapludolls) and Webster clay loam (fine-loamy, mixed, 
superactive, mesic Typic Endoaquolls) (Web Soil Survey, 2009). Weather data including 
monthly precipitation and temperature along with long term weather history were obtained from 
a weather station (Ames-8-WSW) located nearby the experimental sites and reported by Iowa 
Environmental Mesonet Network (Herzmann, 2020). Soil pH, and available P and K levels were 
maintained based on the baseline soil test results obtained at the beginning of each study (Table 
1). 
Plot Design and Management 
The experimental design was a randomized complete block with four replications. Each 
replication included five treatments: T1) alfalfa alone, T2) corn alone, T3) alfalfa interseeded 
into corn, T4) alfalfa interseeded into corn with an application of prohexadione (PHD) [calcium, 
1-(4-carboxy-2, 6-dioxocyclohexylidene) propan-1-olate], and T5) spring seeded alfalfa check. 
Each plot was 7.62 × 3.05 m with either corn only, alfalfa only or 4 rows of corn and 16 rows of 
alfalfa seeded together on the same date. Corn (DeKalb DKC57-75RIB, 107 RM) was planted 
(80000 plants ha-1) using a four-row planter (Kinze Manufacturing, Inc., Williamsburg, IA.) 
whereas glyphosate resistant alfalfa (Pioneer 54QR04 (RR); germination: 84%; hard seed: 3%; 
fall dormancy:4) was planted at 15 kg ha-1 PLS using a small seed grain drill (ALMACO, 
Nevada, IA). Prohexadione calcium, an anti-gibberellic hormone, was applied at a rate of 0.5 kg 
a.i. ha-1 over the alfalfa, but under the corn canopy when corn was at V8 (Abendroth et al., 2011) 
and alfalfa at 20-cm height. The PHD solution was prepared using ammonium sulfate (1.12 kg 
ha–1), citric acid (0.94 kg ha-1), and crop oil concentrate (2.3 l ha–1) with water and was applied at 
187 L ha-1. Dates of corn, alfalfa planting, and application of PHD are presented in Table 2. 
EPTC (S-ethyldipropylthiocarbamate) at 6.35 kg a.i. ha-1 (applied preplant) along with 
glyphosate (isopropylamine salt of N-(phosphonomethyl)glycine) at the rate of 0.84-0.91 kg a.e. 
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ha-1 was used to control weeds. All the plots were fertilized before planting by broadcasting 168-
112-100 kg ha-1 of N-P-K in the form of urea, diammonium phosphate, and muriate of potash. 
Alfalfa plots were sprayed with dimethoate (0,0-dimethyl-S-[N-methylcarbamoyl) methyl] 
phosphorodithioate)  at 585 mL a.i. ha-1 twice in the establishment year and three times in the full 
production year to control potato leafhoppers (Empoasca fabae Harris).  
Data Collection and Analysis 
Soil sampling 
At the start of each experiment in 2016 and 2017, baseline soil samples (0-15 cm depth) 
were collected across each replicate (composite of six cores) and analyzed for pH, organic 
matter, P (Olsen) and K (Mehlich-3). Additional soil samples (composite of three cores) were 
also collected from each plot from 0-15 and 15-60 cm depth in late fall of the establishment year 
of each experiment following corn harvest. The available soil P and K were determined using the 
Olsen method and the Mehlich-3 tests, respectively (Franzen, 2010), whereas soil NO3-N 
concentration was determined by the transnitration of salicylic acid method (Cataldo et al., 
1975). Baseline soil test results are shown in Table 1. All soil samples were analyzed by the 
North Dakota State Soil testing lab. 
Corn Early Growth, Population, and Harvest 
At the time of PHD application, R1 corn developmental stage and before harvest, corn 
leaf area index (LAI) measurements were collected using a Decagon AccuPAR leaf area meter 
(Decagon Devices Inc., Pullman, WA). Four readings of LAI were collected from the middle two 
rows and averaged to calculate LAI for each plot. Corn plant height at PHD application and 
before harvest was determined by measuring height (ground to extended top leaf tip) from five 
random plants in the middle two rows of each plot. Corn plant density (plants ha-1) was also 
measured at PHD application and before harvest. In each plot, plants from one linear m were cut 
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6-8 cm from the ground and fresh weight was recorded. After weighing the plants, two corn 
plants were selected, weighed separately (fresh weight) and then placed in a dryer until a 
constant weight was achieved. Once dried, the whole plant was weighed, and the harvest index 
was calculated by weighing the grain separately:  
HI = corn grain yield (kg DM ha-1) / corn biomass yield (kg DM ha-1). [Eq. 1].  
Corn grain yield was determined by harvesting two center rows in each plot using a John 
Deere 9450 combine and the yield was reported at 15.5% moisture.  
Alfalfa growth measurements and harvest 
In each plot a 1-m2 area was marked from which alfalfa was hand harvested for dry 
matter determination, then the remainder of the plot was mowed, and forage removed. In the 
establishment year, alfalfa was manually harvested once from a 1 m2 area in each plot before 
corn was harvested for grain with a combine. In the first and second full production year of 
alfalfa, four cuttings were manually harvested from 1 m2 area in each plot. However, spring 
planted alfalfa was only harvested twice in the year it was seeded. Alfalfa biomass samples were 
placed in a paper bag and dried in a forced air drier at 49 oC for 5 days and then weighed. 
Targeted harvest stage for alfalfa cuttings were early bud for first cutting, 10% bloom for the 
second cutting, and 20-30% bloom for cuttings three and four. Alfalfa was not harvested if stem 
height was shorter than 40.6 cm. Dates of alfalfa cutting over the years are presented in Table 3.  
At each harvest of alfalfa, random measurements from each plot were taken to estimate 
the mean stem height and alfalfa growth stage was determined according to Kalu and Fick 
(1983). Stem density of alfalfa was also measured at each harvest by counting the total number 
of stems in 1-m2 within the same harvest area from each plot. 
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Forage quality analysis 
Alfalfa biomass samples were dried and grounded in a cyclone mill (UDY Corp., Ft. 
Collins, CO) to pass through a 1 mm screen and then analyzed for total N, ash content, lignin, 
and neutral detergent fiber digestibility (NDFD). Crude protein (CP) was estimated as total N x 
6.25. Forage quality was only analyzed for alfalfa biomass samples from the first and second 
years of alfalfa production. Samples were analyzed in a laboratory at North Dakota State 
University using a calibrated NIRS XDS analyzer (FOSS Analytical, Hillerød, Denmark). 
Weed community and density 
Weed density and type of weed community was assessed in the establishment year at the 
time of corn harvest and in the first and second production year of alfalfa. Each year weed data 
were collected before the first in-season herbicide application or at first harvest of alfalfa as well 
as in fall before last harvest of alfalfa by counting the total number of weeds and plants per 
species from five randomly thrown 0.1-m2 circular quadrats. Total weed density and weed 
density for each species per square meter were determined by multiplying with a factor of two. 
Statistical Analysis 
Analysis of variance and mean comparisons were conducted using the Mixed Procedure 
of SAS (SAS Institute Inc., 2014). Years and treatments were considered fixed while blocks 
were considered random. Mean comparisons were performed at the P ≤ 0.05 probability level. 
Due to the observed variability in experimental years, data were analyzed separately for each 
year. Contrast statements were used to make specific pairwise comparisons.  
Results and Discussion 
Weather Conditions 
Temperature and precipitation in spring are important for timely planting of the crops and 
their subsequent emergence and growth. Mean temperature in 2017 and 2018 spring (March-
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May) was similar to the 30-year mean whereas it was slightly above in 2016 and 1.3 °C below in 
2019. Total spring precipitation in 2017 and 2018 was 4 and 7.6-cm above and below the long-
term trailing mean, respectively. April and May 2018 were considerably drier than the long-term 
mean, and the total accumulated precipitation was 9 cm below the norm. Summer temperature 
(June-Aug.) throughout the experimental years did not deviate from the long-term mean, 
however, summer of 2017 and 2019 was very dry receiving 22 and 12-cm less rainfall than the 
long-term mean, respectively. June and August in 2018 were very wet and received an excess 
precipitation of 15 and 9 cm, respectively. Fall temperatures (Sept.-Nov.) in 2016 and 2017 were 
slightly warmer than the long-term mean and 1°C below it in 2018. Fall precipitation was 
excessive in all experimental years except 2017. Precipitation in excess of 7, 14, and 9-cm was 
received in fall of 2016, 2018, and 2019, respectively. Mean winter temperatures (Dec.-Feb.) 
were similar to the long-term trailing mean except in 2017 which was 4°C warmer. Overall 
winter precipitation through snow and rainfall accumulation did not vary greatly but was in 
excess of 6-cm in 2018.  
Corn Leaf Area Index, Plant Height and Population 
In the study started in 2016, leaf area index (LAI) measurement collected at early 
vegetative stage of corn (V8) at the time of PHD application was slightly lower in the corn 
intercropped with alfalfa (Table 5) suggesting initial stress on corn growth due to the presence of 
alfalfa. However, at later stages of corn growth (R1 and pre-harvest) differences in the LAI 
between the intercropped and corn only treatments were not present. There was no difference in 
corn plant height and plant population density at PHD application. However, in 2016 plant height 
at harvest was reduced by 16-cm when corn was intercropped with alfalfa compared to control 
treatment. In the study started in 2017, intercropped corn without PHD application had 24% 
lower LAI at the R1 growth stage. Whereas LAI in intercropped corn with PHD was reduced by 
78 
 
31 and 20% at R1 and before corn harvest, respectively, when compared to the corn only 
treatment, suggesting that PHD was ineffective in alleviating any potential stress on corn due to 
actively growing alfalfa underneath its canopy. Reduction in corn LAI in an intercropped system 
compared to a monocrop was also reported by Ren et al. (2016) where corn was intercropped 
with a legume. Corn plant height at PHD application (V8 corn growth stage) and at harvest was 
also reduced in 2017 in intercropped treatments (with and without PHD) compared to corn only. 
Alfalfa growing underneath the corn canopy may lower the red:far red ratio which can be sensed 
by the corn plants resulting in increased plant height and low shoot:root ratio (Rajcan et al., 
2004). The reduction of plant height at early growth stage (V8) suggests nutrient and moisture 
competition from intercropped alfalfa, and was not resultant from the phytochrome mediated 
red:far red competition response. The mean corn plant height in the intercropped system at the 
time of PHD application was 29 cm shorter than the corn only treatment whereas, corn height in 
intercropped system with and without PHD was reduced by 22 and 29 cm at harvest, 
respectively. The differences in corn leaf area and plant height in 2017 could be an effect of lack 
of available soil moisture due to dry summer conditions (Table 4). As reported by Ren et al. 
(2016) the water consumption by alfalfa in an intercropped system is higher as compared to corn 
which may have resulted in competition for soil moisture between corn and alfalfa growing 
together. 
Corn Aboveground Biomass, Harvest Index and Grain Yield 
The corn harvest index (HI) in both 2016 and 2017 was not affected by alfalfa 
intercropping or the application of PHD and was similar to the corn only control treatment 
(Table 6). The mean harvest index across all treatments was 66 and 64 in 2016 and 2017, 
respectively. These HI values were within the range of values reported by previous studies 
(Khalili et al., 2013; Li et al., 2015). Aboveground biomass and grain yield in 2016 were lower 
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(6-14 and 11-14%, respectively) in the intercropped system when compared to corn only, but this 
difference was not large enough to be considered statistically significant. The application of PHD 
on alfalfa did not influence corn aboveground biomass or grain yield between the intercropping 
treatments. The aboveground biomass and grain yield across all the treatments in 2016 was 29 
and 13.6 Mg ha-1, respectively. In contrast to 2016, for the study established in 2017, corn 
aboveground biomass and grain yield were significantly different between corn only and 
intercropped treatments. Corn biomass was average 24% lower in both the untreated alfalfa and 
that treated with PHD than the corn only treatment. Similarly, corn grain yield was reduced by 
24.5% when intercropped with alfalfa (with or without PHD application). Reduction in silage 
yield when corn was intercropped with alfalfa was reported by Osterholz et al. (2018). Similar to 
2016, application of PHD did not affect the aboveground biomass or grain yield between the 
intercropped treatments in 2017. Similar findings were reported in the studies conducted by 
Osterholz et al. (2018) in Wisconsin, where application of PHD on alfalfa had little or no effect 
on corn plant height and grain yield when alfalfa was intercropped with silage corn. Reductions 
in corn biomass and grain yield in 2017 were likely the result of a drier summer and inadequate 
available soil moisture. Sun et al. (2019) reported that in an intercropping with corn, alfalfa was 
3-5 times more competitive than corn and could dramatically increase its root growth and 
nutrient uptake capacity and compete with corn for available moisture and nutrient. 
Soil Profile NO3-N 
Residual fall soil profile NO3-N in the top 60 cm was significantly lower in solo alfalfa as 
compared to corn only or corn intercropped with alfalfa treatments in the establishment year 
2016 (Table 7). However, in fall 2017, the residual soil profile NO3-N was lower with the solo 
alfalfa treatment but not significantly different from the corn only or the treatments where corn 
was intercropped with alfalfa. In a simulation study conducted by Osterholz et al. (2019) 
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interseeding alfalfa with corn reduced up to 74% of total N loss through runoff water, however, 
in our study in both the establishment years, intercropping corn with alfalfa had no effect on 
residual NO3-N and was similar to the corn only treatment. These results indicate that the solo 
alfalfa treatment overall had higher uptake of soil NO3-N and acted as a N scavenger. 
Alfalfa Stem Height, Growth Stage, Stem Density and Biomass 
Alfalfa stem height in solo alfalfa and intercropped alfalfa treatments were not different 
at the time of PHD application in the establishment years of 2016 and 2017 (Table 8). The mean 
stem height of alfalfa across all treatments at the time of PHD application was 12 and 20 cm in 
2016 and 2017, respectively. The alfalfa stem height and growth stage in fall before corn harvest 
was significantly higher in solo alfalfa in 2016 but was not different from intercropped alfalfa 
treatments in 2017. Between the intercropped alfalfa treatments with and without the application 
of PHD, there was no difference in plant height, growth stage, stem density and dry biomass 
yield at corn harvest in either 2016 or 2017 indicating there was no effect of PHD application on 
alfalfa survival and growth under a corn canopy. Unlike the findings of our study, Grabber 
(2016) successfully used PHD to increase alfalfa plant density and biomass yield when 
intercropped in a corn silage system. The alfalfa stem density and dry biomass yield was 
significantly greater in solo alfalfa compared to intercropped alfalfa treatments in both the 
establishment years of 2016 and 2017. Stem density in the intercropped treatments and solo 
alfalfa treatment in 2017 was below the recommended density of 430 stems m-2 (Dan and 
Dennis, 2007). Stem density of the alfalfa only treatment was 3 times greater than the 
intercropped alfalfa in 2016 whereas it was only 1.5 times greater in 2017. Similarly, dry 
biomass of solo alfalfa was 8 and 2 times greater compared to intercropped treatment in 2016 
and 2017, respectively. The lower yield and stem density of solo alfalfa in 2017 were likely 
caused by the dry summer conditions (Table 3) from June -Sept. that year which may have 
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affected alfalfa establishment and growth. Lower biomass yield and stem density of alfalfa in the 
intercropped system as compared to solo alfalfa indicates that alfalfa was stressed growing under 
the corn canopy.  
Due to dry summer conditions in 2017, only three cuttings of alfalfa were harvested from 
the solo and intercropped alfalfa treatments from the study started in 2016 whereas only one cut 
was obtained from the 2017 spring seeded alfalfa. In 2018, (first production year for study 
started in 2017) four cuttings of alfalfa were taken for sole and intercropped treatments while 
spring seeded alfalfa was only harvested twice. 
For the first production years in 2017 and 2018, stem height, density, growth stage and 
dry biomass yield did not differ between intercropped treatments with and without the 
application of PHD (Table 9). Significant differences in stem height, density and growth stage 
and biomass yield between sole and intercropped alfalfa were observed at first harvest in 2016 
while in 2017 only stem height and dry matter yield in sole alfalfa was higher at first harvest. 
Stem height and growth stage in 2017 were lower but the stem density of spring seeded alfalfa at 
its first harvest (third harvest for solo and intercropped treatments) was 1.5 times that of sole and 
intercropped alfalfa established the year before. Spring seeded alfalfa dry matter yield at first 
harvest was similar to sole and intercropped treatments in 2017. However, in 2018, intercropped 
and sole alfalfa treatments had 3.5- and 2-times greater biomass yield at first and second cuttings 
of spring seeded alfalfa (Fig 1). Despite some inconsistencies at different harvest times within 
the same year, sole alfalfa produced the greatest total biomass yield in the first production year 
whereas intercropped alfalfa produced 6- and 5-times more seasonal dry biomass (total biomass 
from all harvests in a year) as compared to spring seeded alfalfa in 2017 and 2018, respectively. 
Seasonal forage yield in the first production year in our study was within the mean yield range 
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reported by Berti et. al. (2015). Higher yield from intercropped alfalfa compared to spring 
seeding helps to compensate for the low production of spring seeded alfalfa and improves the 
overall productivity of the intercropping system. 
Four cuttings of alfalfa from each treatment were harvested in the second production year 
of alfalfa in 2018 and 2019. There was no difference in stem height, stem density, growth stage 
and dry matter yield among treatments in 2018 (Table 10). The mean dry matter yield in 2018 
across all the treatments was greatest for first cutting (4.5 Mg ha-1) and least at the fourth cutting 
(0.9 Mg ha-1). Mean stem density across all the treatments and harvests was 460 m-2. For the 
second production year in 2019, there were inconsistent effects of treatments on plant height and 
stem density. Spring seeded alfalfa had lower plant height compared to sole and intercropped 
alfalfa at first harvest whereas greater stem density and lower stem height at second harvest. Dry 
matter yield of spring seeded alfalfa at third harvest was slightly lower compared to intercropped 
treatments. Low biomass yield of spring seeded alfalfa was possibly an effect of lower stem 
density at the time of third harvest. Despite some inconsistency among harvests, the total 
seasonal biomass yield for the second production year of alfalfa in 2018 and 2019 was similar 
across treatments (Fig 2). Mean seasonal alfalfa dry matter yield across all the treatments was 9.1 
and 6.0 Mg ha-1 in 2018 and 2019, respectively. 
The overall productivity and economic benefit of the intercropping system can be 
increased when yields of both the crops are combined (Sun et al., 2018; Sun et al., 2019). In our 
study, there was overall reduction in corn grain yield due to intercropping with alfalfa in both 
experimental years (Fig 3). However, the combined yield of corn aboveground biomass and total 
seasonal yield of first year alfalfa was either similar or greater when alfalfa was intercropped 
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with corn compared to the conventional system where alfalfa was spring seeded following the 
previous year corn harvest (Fig. 3). 
Alfalfa Forage Quality 
Alfalfa forage samples from first production year (2017) for study stated in 2016 could 
not be analyzed for forage quality. Ash content and NDFD (Neutral detergent fiber digestibility) 
for spring seeded alfalfa in 2018 was greater at first cutting (second cutting for sole and 
intercropped treatment) and second cutting (Table 11). Greater fiber digestibility of spring 
seeded alfalfa can be explained by smaller stem height at harvest (Table 9). Shorter stems tend to 
have higher leaf to stem ratio and thus have less fibrous tissue. High leaf to stem ratio of spring 
seeded alfalfa could also explain its high protein concentration at harvest. There were no 
differences in ash content, protein, lignin or NDFD between sole and intercropped alfalfa in first 
production year.  
In the second production year of alfalfa, forage quality among treatments was not 
different for the 2018 harvest (Table 12). However, NDFD for spring seeded alfalfa was greater 
at first harvest in 2019 whereas it was higher for sole alfalfa compared to intercropped alfalfa 
with PHD at fourth harvest.  
Weed Density and Community 
In fall of the establishment year, the mean weed density (weeds m-2) at the time of corn 
harvest was greater in solo alfalfa but was not significantly different from alfalfa growing under 
a corn canopy.  The average weed density across all treatments were 29 and 4 weeds m-2 in 2016 
and 2017, respectively. Ample soil moisture in the 2016 growing season resulted in high weed 
pressure compared to dry summer conditions in 2017 (Table 4). The weed community was 
comprised of 94% broadleafs and 6% grasses. Major broadleaf weeds in establishment year were 
(41%) tall waterhemp [Amaranthus tuberculatus (Moq.) Sauer], (4%) little hogweed (Portulaca 
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oleracea L.), (26%) West Indian nightshade (Solanum ptychanthum Dunal.), and (11%) 
lambsquarters (Chenopodium album L.). Grassweed species mainly consisted of giant foxtail 
(Setaria faberi Herrm.), crabgrass [Digitaria sanguinalis (L.) Scop.] and hairy cupgrass 
[Eriochloa villosa (Thunb.) Kunth]. 
In the first production year, the overall weed density was high in spring seeded alfalfa, 
but it was not significantly different from solo or intercropped alfalfa. The overall weed density 
across treatments in spring before first harvest was 50 and 8.3 in 2017 and 2018, respectively. 
Weed density in fall of 2017 and 2018 was 7 and 11 weeds m-2, respectively. Total weed 
community in the spring of first production year across 2017 and 2018 was 79% of broadleaf 
weeds and 21% grasses. Major broadleaf weeds in the spring were (48%) Canadian horseweed 
[Conyza canadensis (L.) Cronquist], tall water hemp (28%), dandelion (Taraxacum sp. L.) 
(13%). Other minor broadleaf weeds were field pennycress (Thlaspi arvense L.) lambsquarters, 
creeping wood sorrel (Oxalis corniculata L.), and speedwell (Veronica arvensis L). Some of the 
major grass weeds were crabgrass, yellow foxtail [Setaria pumila (Poir.) Roem. & Schult.], 
ryegrass (Lolium multiflorum Lam.), and hairy cupgrass. In the fall, before last alfalfa harvest, 
overall weed density was low with 7 and 11 weeds m-2 in 2017 and 2018, respectively. In the fall, 
74% of the total weeds were broadleaf species while 26% were grasses.  
In the second production year of alfalfa, mean weed density in the spring did not differ 
among treatments and averaged 32 and 27 weeds m-2 in 2018 and 2019, respectively. Broadleaf 
weeds were 94% of the total weed community and were mainly represented by (40%) Canadian 
horseweed, (29%) tall water hemp, (18%) shepherd’s purse [Capsella bursa-pastoris (L.) 
Medik.], and (5%) west Indian nightshade. Other minor broadleaf weeds were lambsquarters, 
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dandelion, and western tansy mustard [Descurainia pinnata (Walter) Britton]). Grass weeds 
were mostly giant foxtail and crabgrass. 
Conclusions 
Results of our study document that corn grain yield was not affected when intercropped 
with alfalfa in presence of sufficient soil moisture at planting and initial growth stages. However, 
intercropped alfalfa reduced corn grain yield in a year with dry summer conditions. Application 
of PHD did not alleviate the reduction in intercropped corn grain yield or improve alfalfa 
survival under a corn canopy. Alfalfa intercropped with corn had lower stem density in the 
establishment year compared to solo established alfalfa. Total seasonal yield of intercropped 
alfalfa in the first production year was greater than spring seeded alfalfa, suggesting an overall 
increase in the total productivity of the intercropped system despite some reduction in corn grain 
yield. Differences in forage quality of alfalfa among treatments disappeared as the alfalfa stands 
grew older. Successful integration of alfalfa with corn in an intercropping system is contingent 
upon successful establishment of alfalfa under the corn canopy and alleviation of competition 
between corn and alfalfa for nutrients and soil water. Based on the findings of our experiment 
future research in this direction should be focused on screening drought tolerant corn hybrids 
with vigorous root system. Using early maturing corn hybrid coupled with management practices 
such as higher rates of N fertilizer may improve corn yield and the chances of success for this 
intercropping system. Efforts should also be made towards improving the alfalfa stand density in 
the establishment year by investigating different rates of growth regulator and effectively 
managing weeds and pest. 
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Fig. 1. Seasonal alfalfa dry forage yield for first year of production in 2017 and 2018 at Ames, 
IA. 
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Fig. 2. Seasonal alfalfa dry forage yield for second year of production in 2018 and 2019 at Ames, 
IA. 
 
Fig. 3. Total dry matter yield of aboveground corn biomass plus first year alfalfa in studies 
started in 2016 and 2017 at Ames, IA. 
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Table 1. Baseline soil test values (0-15 cm) and soil information for study site at Boone, IA in 
2016 and 2017. 
Site STP ‡ STK ‡ SOM§ pH 
Boone 2016 9 (L) 80 (VL) 4.3 6.6 
Boone 2017 2 (VL) 80 (VL) 4.5 6.5 
† L, loam; Scl, silty clay loam. 
‡ STP, soil test P; STK, soil test K. Letters indicate Olsen for P and Mehlich-
3 for K soil test interpretation category for L, low; VL, very low (Mallarino et 
al., 2013). 
§ SOM, soil organic matter. 
 
Table 2. Corn and alfalfa seeding and proxehadione (PHD) application dates for experiment 
conducted from 2016-2018 at Boone, IA. 
 
 
 
 
Table 3. Harvest dates of alfalfa and corn for study conducted from 2016-2019 at Boone, IA. 
 ----------------------------------Alfalfa---------------------------------- Corn 
Year Harvest 1 Harvest 2 Harvest 3 Harvest 4 Harvest 1† Harvest 2†  
Study started in 2016 
2016 10 Nov. - - - - - 13 Nov. 
2017‡ 31 May 20 July 13 Sept. - - 13 Sept.  
2018 1 June 12 July 22 Aug. 26 Oct.    
Study started in 2017 
2017 23 Nov. - - - - - 30 Nov. 
2018 1 June 12 July 22 Aug. 26 Oct. 12 July 8 Sept.  
2019 4 June 10 July 8 Sept. 3 Nov.    
† Harvest dates of spring seeded alfalfa 
 
 
 
 
 
 Year 
Field activity 2016 2017 2018 
Corn seeding 17 May 2016 16 May 2017 - 
Alfalfa seeding 17 May 2016 16 May 2017 - 
PHD application 24 June 2016 5 July 2017 - 
Spring alfalfa seeding - 16 May 2017 11 May 2018 
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Table 4. Monthly mean air temperature (°C) and monthly total rain fall (cm) in 2016, 2017, 
2018, 2019 and long-term mean at Boone, IA. 
 
 
 
 
 
 
Month 
Year 
LT† 
2016 2017 2018 2019 
T‡ RF§ T RF T‡ RF§ T RF T RF 
Jan. -6.5 1.5 -4.0 4.7 -6.8 3.3 -6.8 1.4 -6.1 1.55 
Feb. -1.6 1.7 2.6 3.0 -5.6 2.9 -9.1 4.3 -4.2 2.21 
Mar. 7.1 3.8 3.7 7.9 2.2 6.3 0.1 3.8 3.3 4.98 
Apr. 11.1 10.4 11.4 7.8 5.4 3.2 11.2 4.9 10.4 10.04 
May 16.3 10.9 16.3 15.6 20.6 10.1 14.9 21.1 16.5 12.29 
June 23.7 2.5 22.8 4.4 23.5 28.2 21.7 10.1 21.6 12.78 
July 23.4 14.9 24.4 2.5 23.5 10.7 24.3 11.7 23.3 11.96 
Aug. 22.6 20.9 20.8 8.5 22.8 21.4 21.5 3.3 22.1 12.57 
Sep. 20.6 20.1 20.4 4.6 19.8 17.1 21.3 11.6 18.2 8.27 
Oct. 14.6 1.5 12.7 15.4 10.2 12.3 9.5 13.3 11.4 6.05 
Nov. 8.0 4.4 3.6 0.7 -0.2 4.1 0.5 3.4 3.2 4.76 
Dec. -4.1 3.0 -3.8 0.4 -1.4 6.7 -1.6 2.6 -3.9 2.97 
†LT = Long term, ‡T= mean air temperature; and §RF= total monthly rain fall. 
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Table 5. Corn leaf area index (LAI), plant height (Ht) and plant population (Pop) in response to 
alfalfa interseeding treatments for experiments started in 2016 and 2017 at Boone, IA. 
 LAI Ht Pop 
 PHD R1 Harvest PHD Harvest PHD Harvest 
Treatment†    -------cm------- -------ha-1------- 
2016 
Check 1.5 4.3 3.2 92.3 226 80380 75655 
Corn+alfalfa 1.1 4.3 2.9 93.6 210 75459 73810 
Corn+alfalfa+PHD 1.4 4.2 3.3 89.5 215 86942 78115 
SE 0.11 ‡ 0.12 0.17 3.94 4.97 4366 2939 
Significant P > F 
Check vs. corn+alfalfa * NS NS NS * NS NS 
Check vs. corn+alfalfa+PHD NS NS NS NS NS NS NS 
Corn+alfalfa vs. 
corn+alfalfa+PHD 
NS NS NS NS NS NS NS 
2017 
Check 4.0 4.2 3.0 170 233 73425 68428 
Corn+Alfalfa 3.1 3.2 2.6 141 211 70350 66890 
Corn+Alfalfa+PHD 3.1 2.9 2.4 142 204 68812 68428 
SE 0.34 0.25 0.16 6.05 5.35 3768 3626 
Significant P > F 
Check vs. corn+alfalfa NS * NS ** * NS NS 
Check vs. corn+alfalfa+PHD NS ** * ** ** NS NS 
Corn+alfalfa vs. 
corn+alfalfa+PHD 
NS NS NS NS NS NS NS 
*, **, *** Significant at P < 0.05, 0.01, and 0.001, respectively. 
†Treatments: check, corn planted alone; alfalfa+corn, corn intercropped with alfalfa; 
corn+alfalfa+PHD, corn intercropped with alfalfa with an application of prohexadione. 
‡ Indicates weighted SE for all variables. 
Table 6. Corn aboveground biomass, grain yield at 15.5% moisture and HI in response to alfalfa 
interseeding treatments for experiments started in 2016 and 2017 at Boone, IA. 
 2016 2017 
 Biomass Grain HI Biomass Grain HI 
Treatment† -----Mg ha-1-----  ----Mg ha-1----  
Check 31.3 14.9 65 35.6 14.2 66 
Corn+alfalfa 26.9 13.2 67 27.4 10.5 63 
Corn+alfalfa+PHD 29.3 12.8 66 26.6 11.0 62 
SE 2.8‡ 1.1 0.9 2.0 0.8 1.4 
 Significant P > F  
Check vs. corn+alfalfa NS NS NS * ** NS 
Check vs. corn+alfalfa+PHD NS NS NS * ** NS 
Corn+alfalfa vs. corn+alfalfa+PHD NS NS NS NS NS NS 
*, **, ***: Significant at P < 0.05, 0.01, and 0.001, respectively. 
†Treatments: check, corn planted alone; alfalfa+corn, corn intercropped with alfalfa; 
corn+alfalfa+PHD, corn intercropped with alfalfa with an application of prohexadione. 
‡Indicates weighted SE for all variables. 
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Table 7. Residual soil NO3-N in late fall for establishment year of alfalfa in 2016 and 2017. 
 Fall 2016 Fall 2017 
 NO3-N (0-60 cm) 
Treatment† ------------Kg ha-1------------ 
Alfalfa only 35b‡ 41 
Corn only 59a 52 
Corn+alfalfa 60a 60 
P>F * NS 
*: Significant at P < 0.05 
†Treatments: alfalfa only, solo seeded alfalfa; corn only, solo 
planted corn; corn+alfalfa, corn intercropped with alfalfa. 
‡ Means with same letter in the column are not different from 
each other. 
 
Table 8. Alfalfa plant height at prohexadione application (Ht1) and at harvest (Ht2); alfalfa 
growth stage (Stage), stem density (stem), and dry biomass yield (DM) in establishment year of 
alfalfa in 2016 and 2017. Alfalfa growth stage was measured as per Kalu and Fick (1983). 
 2016 
 Ht1 Ht2 Stage Stem DM 
Treatment† ------cm------  m-2 Mg ha-1 
Alfalfa only 11.2 44.9a‡ 2a 590a 1.6a 
Corn+alfalfa 12.2 13.7b 0b 173b 0.2b 
Corn+alfalfa+PHD 11.6 13.8b 1b 203b 0.2b 
P>F NS *** ** *** *** 
 2017 
Alfalfa only 19.4 30.7 2 292a 1.1a 
Corn+alfalfa 20.4 30.4 2 214ab 0.7b 
Corn+alfalfa+PHD 20.6 27.3 1 160b 0.5b 
P>F NS NS NS * ** 
*, **, ***: Significant at P < 0.05, 0.01, and 0.001, respectively. 
†Treatments: alfalfa only, solo seeded alfalfa; alfalfa+corn, corn intercropped with 
alfalfa; corn+alfalfa+PHD, corn intercropped with alfalfa with an application of 
prohexadione. 
‡ Means with same letter in the column are not different from each other. 
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Table 9. Alfalfa stem height (Ht), growth stage (Stage), stem density (Stem) at each harvest and total seasonal dry biomass (DM) for 
first production year of alfalfa in 2017 and 2018. Alfalfa growth stage was measured as per Kalu and Fick (1983). 
 2017 
 Harvest1  Harvest2  Harvest3  Harvest4  
 Ht Stage Stem DM      Ht Stage Stem DM  Ht Stage Stem DM  Ht Stage Stem DM 
Treatment† cm  m-2 Mg ha-1  cm  m-2 Mg ha-1  cm  m-2 Mg ha-1  cm  m-2 Mg ha-1 
T1 70a‡ 4a 453a 5.4a  49a 7 528 2.6  65a 6a 368b 2.1  NA NA NA NA 
T3 41b 3b 265b 2.0b  39a 7 474 2.0  58a 6a 355b 1.7  NA NA NA NA 
T4 45b 3b 250b 1.6b  40b 7 409 1.8  62a 6a 321b 1.9  NA NA NA NA 
T5 NA§ NA NA NA  NA NA NA NA  46b 4b 527a 1.1  NA NA NA NA 
P>F ** * * ***  ** NS NS NS  ** *** ** NS      
 2018 
T1 77a 6 837 6.2a  51a 6a 538 2.5a  59 5a 457 2.0a  36 2 459 1.0 
T3 66b 5 706 5.0ab  48a 6a 585 2.5a  56 5a 459 2.1a  37 2 522 1.0 
T4 62b 5 711 4.3b  47a 6a 587 2.3a  58 5a 499 2.0a  34 2 557 0.9 
T5 NA NA NA NA  21b 1b 715 0.7b  49 4b 573 1.0b  NA 2 NA NA 
P>F ** NS NS *  *** *** NS ***  NS ** NS *  NS NS NS NS 
*, **, ***: Significant at P < 0.05, 0.01, and 0.001, respectively. 
†Treatments: T1, alfalfa only; T3 is corn intercropped with alfalfa; T4, corn intercropped with alfalfa with an application of prohexadione; T5, spring seeded alfalfa 
‡ Means with same letter in the column are not different from each other. 
§Alfalfa not harvested 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9
5
 
Table 10. Alfalfa stem height (Ht), growth stage (Stage), stem density (Stem) at each harvest and total seasonal dry biomass for 
second production year of alfalfa in 2018 and 2019. Alfalfa growth stage was measured as per Kalu and Fick (1983). 
 2018 
 Harvest1  Harvest2  Harvest3  Harvest4 
 Ht Stage Stem DM      Ht Stage Stem DM  Ht Stage Stem DM  Ht Stage Stem DM 
Treatment† cm  m-2 Mg ha-1  cm  m-2 Mg ha-1  cm  m-2 Mg ha-1  cm  m-2 Mg ha-1 
T1 73 5 502 5.1  48 7 493 1.7  47 6 468 1.7  30 2 462 0.8 
T3 70 5 422 4.2  45 6 504 1.8  51 6 451 1.9  34 2 465 0.9 
T4 69 5 448 3.8  48 6 534 2.0  47 5 440 1.8  33 2 437 0.9 
T5 68 6 378 5.0  43 6 552 2.2  47 5 379 1.6  35 2 442 1.0 
P>F NS NS NS NS  NS NS NS NS  NS NS NS NS  NS NS NS NS 
 2019 
T1 60a‡ 5 397 2.7  41a 6 434b 1.7  39 2 331b 0.8bc  35 2 353 0.9 
T3 61a 5 443 2.9  41a 6 454b 1.7  41 2 363ab 0.9ab  37 2 357 0.9 
T4 58a 4 477 2.5  40a 6 510ab 1.8  41 2 398a 1.0a  38 3 404 1.1 
T5 47b 4 497 2  36b 6 574a 1.7  41 2 305b 0.7c  35 2 403 0.9 
P>F * NS NS NS  * NS * NS  NS NS * **  NS NS NS NS 
*, **, ***: Significant at P < 0.05, 0.01, and 0.001, respectively. 
†Treatments: T1, alfalfa only; T3 is corn intercropped with alfalfa; T4, corn intercropped with alfalfa with an application of prohexadione; T5, spring seeded alfalfa 
‡ Means with same letter in the column are not different from each other. 
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Table 11. Alfalfa forage quality in 2018; first production year for the experiment started in 2017. 
 2018 
 Harvest1  Harvest2  Harvest3  Harvest4 
 Ash Protein LN NDFD     Ash Protein LN NDFD     Ash Protein LN NDFD     Ash Protein LN NDFD    
Treatment† -----------------------------------------------------------------------------g kg-1---------------------------------------------------------------------------- 
 
T1 97 247 84 421  69b 190 70ab 473b  87b 190b 93 395b  79 224 67 394 
T3 88 250 82 430  60c 190 62bc 489b  90ab 200b 92 403b  79 226 65 399 
T4 87 254 81 424  60c 188 58c 503b  85b 189b 90 392b  78 218 68 388 
T5 NA§ NA NA NA  84a 199 78a 380a  98a 254a 89 455a  NA NA NA NA 
P>F NS NS NS NS  *** NS * ***  * *** NS ***  NS NS NS NS 
*, **, ***: Significant at P < 0.05, 0.01, and 0.001, respectively. 
LN: Lignin, NDFD: Neutral detergent fiber digestibility. 
†Treatments: T1, alfalfa only; T3 is corn intercropped with alfalfa; T4, corn intercropped with alfalfa with an application of prohexadione; T5, spring 
seeded alfalfa 
‡ Means with same letter in the column are not different from each other. 
§Alfalfa not harvested 
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Table 12. Alfalfa forage quality in 2018 and 2019, second production year for the experiment started in 2016 and 2017, respectively. 
 2018 
 Harvest1  Harvest2  Harvest3  Harvest4 
 Ash Protein LN NDFD     Ash Protein LN NDFD     Ash Protein LN NDFD     Ash Protein LN NDFD    
Treatment† -------------g kg-1-------------  -------------g kg-1-------------  -------------g kg-1-------------  -------------g kg-1------------- 
T1 64 191 69 473  83 186 93 392  85 248 79 419  80 227 67 387 
T3 64 191 67 481  84 192 91 396  90 242 81 411  80 223 64 395 
T4 63 195 66 481  85 190 89 395  87 243 80 410  79 224 65 396 
T5 64 204 62 484  89 207 87 406  90 249 80 409  80 227 63 393 
P>F NS NS NS NS  NS NS NS NS  NS NS NS NS  NS NS NS NS 
 2019 
T1 78 188 78 419b‡  69 197 67 446  79 249 56 435  79 244 56 446a 
T3 82 192 76 421b  65 193 67 441  79 246 57 431  80 246 57 434ab 
T4 80 187 76 419b  66 192 65 443  79 243 58 431  79 241 59 425b 
T5 76 197 69 441a  65 201 67 441  80 243 57 435  79 244 56 437ab 
P>F NS NS NS **  NS NS NS NS  NS NS NS NS  NS NS NS * 
*, **, ***: Significant at P < 0.05, 0.01, and 0.001, respectively. 
LN: Lignin, NDFD: Neutral detergent fiber digestibility. 
†Treatments: T1, alfalfa only; T3 is corn intercropped with alfalfa; T4, corn intercropped with alfalfa with an application of prohexadione; T5, 
spring seeded alfalfa. 
‡ Means with same letter in the column are not different from each other. 
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CHAPTER 5.    GENERAL CONCLUSION 
Corn and soybean grown in short rotations (corn-soybean, corn-corn-soybean) are the 
most popular cropping systems in the upper Midwest of United States. Although monocultures of 
corn and soybean or their rotation are highly productive, there are environmental problems 
associated with them, and questions persist as to their long-term sustainability. In view of future 
challenges, there is need to diversify the existing cropping systems by adopting farming practices 
that not only maintain high yields but also incorporate multiple environmental benefits from 
agroecosystems. Due to the below-freezing winter temperatures in the Midwest, there is no crop 
grown from late fall to early spring. The absence of any vegetation and ground cover during the 
winter results in loss of soil and nutrients from erosion and leaching. Adoption of cover crops is 
recommended to address this issue, however, issues such as choice of cover crop, problems with 
successful establishment of cover crops and costs associated with establishing cover crops 
discourages farmers from adopting them despite several proven environmental benefits. In this 
research project, novel management practices were investigated to intensify and diversify the 
dominant corn and soybean cropping system through integration of annual oilseed cover crops 
and a perennial forage. The overall objective of this dissertation research was to assess the 
establishment and management of pennycress and camelina as oilseed cover crops in corn and 
soybean and their impact on row crop yield. Pennycress, winter camelina, and cereal rye were 
interseeded in corn and soybean in the fall and the following spring soybean was relay planted 
into growing pennycress and camelina after rye was terminated. In a separate study, alfalfa was 
intercropped with corn with the objective to determine the overall productivity of corn-alfalfa 
intercropping system compared to the conventional system where alfalfa was seeded in spring 
following the previous year corn.  
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In the second chapter that focuses on integrating and managing oilseed cover crops in 
corn and soybean, we determined that interseeding pennycress, camelina, and cereal rye as cover 
crops in corn and soybean from mid-August to late September did not affect row crop yield. Fall 
survival of pennycress and camelina was affected by interseeding date and timing of rainfall. 
Oilseed cover crop survival was maximized when interseeded at R5 and R6 into corn and R7 and 
R8 into soybean.  
In the third chapter, interseeded pennycress and camelina yield and their influence on row 
crops was evaluated. Pennycress and camelina harvested for seed had greater yield when 
interseeded at later seeding dates the previous fall. Both pennycress and camelina interseeded 
into the previous year corn reduced yield of the relay cropped soybean. Total oilseed yield of the 
relay system was greater with pennycress compared to the no cover crop control suggesting there 
is potential for adopting pennycress as a cash cover crop. 
In the fourth chapter, management, productivity and weed community dynamics were 
studied in a corn-alfalfa intercropping system in Iowa. We determined that alfalfa when 
interseeded with corn in a dry year reduced corn grain yield by 23-26%. Alfalfa stem density 
when interseeded with corn was reduced by 36-38%. However, alfalfa forage yield in the first 
production year was 5-6 times greater than spring seeded alfalfa, increasing overall productivity 
of the intercropping system. Results of this study indicate that corn-alfalfa intercropping is very 
promising for increasing overall productivity. Further research is recommended to investigate 
corn and alfalfa traits such as drought tolerance, shade tolerance, pesticide management and 
earlier maturing corn varieties.  
 
